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ABSTRACT 
 
 Ribozymes are catalytically functional RNA molecules. To overcome the lack of 
structural and chemical diversity, ribozymes employ several interesting strategies for catalysis. 
The glmS ribozyme regulates the level of glucosamine-6-phosphate (GlcN6P) in bacteria by 
catalyzing a self-cleavage reaction. Namely, the GlcN6P bonds to the glmS ribozyme and 
triggers a cleavage of a phosphodiester bond at a certain position via a general acid-base 
mechanism. This work explored the following aspects of its self-cleavage mechanism: general 
acid-base species, multiple roles of the cofactor GlcN6P, as well as the beneficial and deleterious 
effects of metal ions. Computational approaches including classical molecular dynamics (MD), 
quantum mechanical/molecular mechanical (QM/MM) calculations, and free energy simulations 
were employed to study the cleavage mechanisms and explain experimental observations such as 
the thio effects and metal ion rescue effects. A concerted yet asynchronous cleavage mechanism 
with an active site guanine as the general base and the cofactor as the general acid was 
elucidated. The calculated free energy barrier associated with this mechanism was consistent 
with experimental measurements. Additional catalytic roles of the cofactor such as disrupting an 
inhibitory hydrogen bond were revealed by simulations together with the large thio effect found 
in the ribozyme-cofactor complex and the inverse thio effect found in the apo ribozyme. Metal 
ion rescue experiments indicated the direct participation of an active site Mg2+ ion in the 
catalysis in the apo ribozyme but not in the ribozyme-cofactor complex. Therefore, the beneficial 
and deleterious effects of the active site Mg2+ ion were examined by computational approaches. 
The findings in this work have provided insights for general ribozyme catalysis. All of these 
findings have implications for general ribozyme catalysis. 
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CHAPTER 1: INTRODUCTION 
 Ribozymes are ribonucleic acid (RNA) biomolecules that perform catalytic functions. 
The discovery of the existence of RNA dates back to the early 1900s. From the 1950s to the end 
of the 1970s, many roles of RNA have been found, such as the transcription of genetic code, 
RNA replication, reverse transcription, and RNA splicing.1,2 Yet the roles of RNA were 
restricted to information storage until 1982 when the catalysis of RNA was first demonstrated by 
T. R. Cech and coworkers.3 Thereafter more ribozymes have been discovered performing diverse 
roles in catalysis and regulation of important metabolic processes. One common example is the 
ribosomal RNA, which catalyzes the peptide bond formation. Besides the omnipresent ribosomal 
RNA, small ribozymes are also found in a wide range of species including certain viruses, 
bacteria, insects, plants and mammals like rodents, the platypus, and the human.4-7 As of 2016, 
groundbreaking research on RNA has yield 30 Nobel Prize laureates. Research on RNA, 
especially ribozymes, has not only made a significant contribution to the RNA world hypothesis 
in evolutionary biology,8 but has also led to the discovery of new drug targets.9 More 
importantly, understanding the catalytic mechanisms of systems that are structurally different 
from  protein enzymes has broadened the horizons of chemists and biologists and has even 
inspired the design of DNA enzymes.10,11 
 In contrast to protein enzymes, ribozymes possess their unique structural features and 
their own catalytic strategies. Unlike proteins, which have abundant types of amino acid 
residues, ribozymes only have four choices of nucleobases: adenosine, uracil, cytosine, and 
guanosine. In addition, the pKa values of these nucleotide residues suggest that they are 
chemically inert at physiological pH.12 While proteins, such as the seven-transmembrane domain 
receptors, could form complicated hydrophilic-hydrophobic patterns, ribozymes always have a 
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negatively-charged hydrophilic surface due to the large number of backbone phosphate groups. 
However, ribozymes have employed their own strategies to overcome the lack of structural and 
chemical versatility. To overcome the lack of structural diversity, ribozymes can break the 
Watson-Crick pair rules to form other wobble base pairs13 or a single strand RNA loop. To bring 
more chemical diversity for catalysis, ribozymes have employed at least three distinctive 
strategies. Firstly, the specific ribozyme environment is able to perturb the pKa of the active-site 
residues, making them shift toward physiological pH. They become easier to be protonated or 
deprotonated, subsequently acting as the general acid or general base in acid-base catalysis.14 
Secondly, metal ions, especially Mg2+ ions, help the negatively charged RNA in folding15 and 
are involved in catalysis.  The catalytic roles of Mg2+ ions include but are not limited to the 
following three aspects: stabilization of the negative charges created by a phosphorene-like 
intermediate or transition state; perturbation of the active-site residues’ pKa; and participation in 
the general acid-base catalysis through a metal-ion-bound water or hydroxyl group.14,16 Thirdly, 
cofactors are also reported to participate in ribozyme catalysis.17 
 This research focused on the glmS ribozyme. The glmS ribozyme is commonly found in 
Gram-positive bacteria and now has more than 450 identified representatives.18 Together with 
the hammerhead,19 hairpin,20,21 Hepatitis delta virus (HDV),3 Varkud satellite,22,23 twister,24-26 
and pistol27 ribozymes, the glmS ribozyme belongs to the small ribozyme family which catalyzes 
the phosphodiester bond cleavage and ligation reaction in RNA. The glmS ribozyme is located in 
the 5’-untranslated region of a mRNA that encodes the L-glutamine/D-fructose-6-phosphate 
aminotransferase (GlmS).17 The enzyme this mRNA encodes is responsible for the synthesis of a 
small molecule glucosamine-6-phosphate (GlcN6P), which is an essential intermediate product 
in many metabolic pathways of amino-sugar macromolecules.28 The glmS ribozyme serves as a 
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riboswitch to down regulate the concentration of GlcN6P. When the concentration of GlcN6P is 
high, it will bind to the glmS ribozyme and trigger the self-cleavage reaction catalyzed by the 
glmS ribozyme. After the cleavage reaction, the mRNA will no longer express the GlmS enzyme, 
thus no more GlcN6P will be synthesized. The glmS ribozyme  is the first ribozyme discovered 
to require a cofactor to perform catalysis. 29 
 The self-cleavage reaction catalyzed by the glmS ribozyme employs a general acid-base 
mechanism. In the system computationally studied in this work,30 the cleavage reaction takes 
place in the phosphate group between A-1 and G1. The cofactor with a protonated amino group 
acts as the general acid,30-38 and the G40 near the cleavage site acts as the general base in its 
deprotonated form34,39,40 (Figure 1.1). In the mechanism proposed and examined in this work, the 
G40(N1) is first deprotonated by an external base and then serves as the general base to 
deprotonate the A-1(O2’). After deprotonation, the A-1(O2’) becomes a good nucleophile and 
attacks the scissile phosphate by an SN2 mechanism. Meanwhile, the general acid, GlcN6P, 
protonates the G1(O5’) by its amine group, making G1(O5’) a good leaving group. 
Consequently, the new O2’-P bond forms and the O5’-P breaks, generating a 2,3’-cyclic 
phosphodiester product and a 5’-hydroxyl termini.41 
 This works aims at elucidating the self-cleavage mechanism of the glmS ribozyme as well 
as exploring possible roles of the cofactor, active-site guanine, and metal ions in small ribozyme 
cleavage reactions from a more general perspective. In order to achieve this goal, we have 
collaborated with experimentalists and employed computational approaches such as classical 
molecular dynamics (MD) simulations, mixed quantum mechanical/molecular mechanical 
(QM/MM) geometry optimizations, and free energy simulations. 
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 Classical MD simulations allow the study of structural fluctuations and conformational 
changes in bio-macromolecules. The classical MD simulations in this work use an atomic level 
model of the solute (ribozyme) and explicit solvent molecules. The time-dependent sampling of 
the whole system is realized by numerical integration of the equations of motion. The system 
moves under a MM potential described by a classical force field which contains atomistic 
pairwise additive potential terms typically derived from experimental data and high-level QM 
calculations.42 Despite the limitations, such as the approximations underlying the force field and 
limited conformational sampling, classical MD simulations are capable of illustrating global 
conformational changes, local fluctuations, and hydrogen-bonding patterns. These simulations 
are widely used not only in mechanistic studies, but also in crystal structure refinements and 
drug-target dockings.  
 Since standard MM force fields are insufficient in describing chemical reactions, 
QM/MM methods are often employed to study bond forming/breaking and other quantum 
effects. QM calculations, especially on a large number of atoms, are computationally expensive. 
In the QM/MM method used in this work, the active site is treated at a quantum mechanical level 
by density functional theory. The rest of the system is treated by a MM force field.43 Compared 
to the full QM calculations on small model complexes in the gas phase, this mixed method 
allows the accurate description of the active site in a ribozyme plus solvent environment, giving 
results that are more consistent with experimental observations. Although it has limitations, such 
as the lack of conformational sampling,44 it is still a valuable method to optimize the geometry, 
calculate the charge distribution, and simulate many spectroscopic properties.   
 In order to overcome the limitations in the above two methods and to better delineate the 
complicated free energy surfaces for reactions in bio-macromolecules, a QM/MM free energy 
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simulation approach is  implemented and applied in this work.41,45 This free energy simulation 
approach uses a combination of a finite-temperature string method46 and umbrella sampling.47-49 
In the finite-temperature string method, the reaction pathway is a string (a mathematical curve) 
in a multidimensional space defined by a set of reaction coordinates. These reaction coordinates 
can be any variables that describe the changes in a reaction, e.g., a distance between two atoms. 
The string then evolves on the multidimensional free energy surface until it finds a minimum 
free energy path (MFEP) on the free energy surface. This pathway is the most probable reaction 
pathway for the reaction on the given free energy surface. 
 This technique uses umbrella sampling by iterations to evolve the string. A series of 
images, usually initially acquired by linear interpolation between a reactant and product 
structure, is used to represent the string. Umbrella sampling simulations with harmonic restraints 
on the reaction coordinates are performed for each image. After sampling, the average values of 
the reaction coordinates for each image are calculated. Based on these values, the string is 
updated using a polynomial fitting procedure. In the next iteration, umbrella sampling 
simulations are performed again using new reaction coordinate values for the harmonic 
restraints. The string is considered to be converged when the difference between two iterations is 
small enough to meet a set of given criteria. Once converged, the free energy surface can be 
obtained by using the Weighted Histogram Analysis Method (WHAM).50 
 This free energy simulation approach has demonstrated promising advantages on the 
study of bio-macromolecule reactions. Firstly, by only sampling regions of phase space that are 
relevant to the reaction, it is more computationally tractable for bio-macromolecule systems than 
traditional scan approaches.44 Secondly, free energy barriers from this simulation approach 
include the entropic contribution, which is an important part in many bio-macromolecule 
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reaction. Thirdly, compared to the commonly used quadratic synchronous transit method, this 
method does not heavily depend on the initial guess when searching for transition states and 
intermediates.51 Finally, in many cases, the strings in this method are able to evolve to the proper 
pathway even though they start from improper initial guesses.45  
 In Chapter 2, computational approaches, especially QM/MM free energy simulations and 
pKa calculations, together with kinetic experiments were performed to test several general acid-
base mechanisms proposed for the self-cleavage reaction in the glmS ribozyme. Different 
reaction pathways were explored computationally. The calculated reaction rate constants 
according to the free energy barriers obtained from free energy simulations were compared to the 
experimentally measured values. Both computational results and experimental measurements 
support a concerted yet asynchronous mechanism in which the deprotonated G40(N1) 
deprotonates the A-1(O2’) while the latter attacks the scissile phosphate. This study provides 
valuable information regarding the cleavage mechanism in the glmS ribozyme and has 
implications for the role of a similar active-site guanine in other small self-cleavage ribozymes. 
 In Chapter 3, experimental and computational studies explored other catalytic roles of the 
cofactor (GlcN6P) in the cleavage reaction in the glmS ribozyme, besides serving as the general 
acid. Thio effects and metal ion rescue experiments were performed in order to examine 
interactions in the active site. In the thio effect experiments, either one or two of the non-
bridging oxygens of the scissile phosphate were substituted by sulfur atoms. Interestingly, while 
stereospecific normal thio effects were found for the cleavage with the cofactor, stereospecific 
inverse thio effects and metal ion rescue were found for the cleavage in the absence of the 
cofactor. Computational methods including MD simulations, QM/MM geometry optimizations, 
and free energy simulations provided explanations for the experimental observations. The 
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cofactor exhibited two additional roles in catalysis: disrupting an inhibitory A-1(O2’):G1(pro-
RP) hydrogen bond  and providing electrostatic stabilization. This study demonstrated that one of 
the strategies used by ribozymes to increase their limited functional diversity is to employ a 
multi-functional cofactor.  
 In Chapter 4, the roles of the Mg2+ ion in the self-cleavage reaction in the glmS ribozyme 
were explored. Beyond the role of stabilization of the negatively charged backbone, potential 
catalytic or anticatalytic effects of an active-site Mg2+ ion were examined computationally. A 
Mg2+ ion placed near the non-bridging oxygens of the scissile phosphate was determined to have 
a deleterious effect due to its electrostatic repulsion of the cofactor, disruption of the active-site 
hydrogen-bonds, and obstruction of nucleophilic attack.  In contrast, when the Mg2+ ion is placed 
near the Hoogsteen face of G40, it did not show deleterious effects but might have a beneficial 
effect on stabilizing this putative general base. This study provided an explanation for the 
absence of an active-site metal ion in the glmS ribozyme, although several other ribozymes 
employ a metal ion in the self-cleavage reaction.  Chapter 5 presents the general conclusions of 
this thesis. 
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Figure 
 
Figure 1.1. Illustration of the active site in the glmS ribozyme. Red arrows indicate the transfer 
of electrons in the cleavage reaction. B: represents an external base that deprotonates the 
G40(N1). The residue numbers correspond to the Thermoanaerobacter tengcongensis strain.  
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CHAPTER 2: ROLE OF THE ACTIVE SITE GUANINE IN THE GLMS 
RIBOZYME SELF-CLEAVAGE MECHANISM: QUANTUM 
MECHANICAL/ MOLECULAR MECHANICAL FREE ENERGY 
SIMULATIONS1 
 
Abstract 
The glmS ribozyme catalyzes a self-cleavage reaction at the phosphodiester bond between residues 
A-1 and G1.  This reaction is thought to occur by an acid-base mechanism involving the 
glucosamine-6-phosphate cofactor and G40 residue.  Herein quantum mechanical/molecular 
mechanical (QM/MM) free energy simulations and pKa calculations, as well as experimental 
measurements of the rate constant for self-cleavage, are utilized to elucidate the mechanism, 
particularly the role of G40.  Our calculations suggest that an external base deprotonates either 
G40(N1) or possibly A-1(O2’), which would be followed by proton transfer from G40(N1) to A-
1(O2’).  After this initial deprotonation, A-1(O2’) starts attacking the phosphate as a hydroxyl 
group, which is hydrogen bonded to deprotonated G40, concurrent with G40(N1) moving closer 
to the hydroxyl group and directing the in-line attack.  Proton transfer from A-1(O2’) to G40 is 
concomitant with attack of the scissile phosphate, followed by the remainder of the cleavage 
reaction.   
 
 
 
1 This chapter in its entirety was published as the following journal article: Zhang, S. X.; Ganguly, 
A.; Goyal, P.; Bingaman, J. L.; Bevilacqua, P. C.; Hammes-Schiffer, S. J. Am. Chem. Soc. 2015, 
137, 784-798. Ganguly performed a proton transfer simulation. Goyal performed the pKa 
calculations. Zhang performed the rest of the simulations. Bingaman performed the experiments. 
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A mechanism in which an external base does not participate, but rather the proton transfers 
from A-1(O2’) to a nonbridging oxygen during nucleophilic attack, was also considered but 
deemed to be less likely due to its higher effective free energy barrier.  The calculated rate constant 
for the favored mechanism is in agreement with the experimental rate constant measured at 
biological Mg2+ ion concentration. According to these calculations, catalysis is optimal when G40 
has an elevated pKa rather than a pKa shifted toward neutrality, although a balance among the pKas 
of A-1, G40, and the nonbridging oxygen is essential.  These results have general implications, as 
the hammerhead, hairpin, and twister ribozymes have guanines at a similar position as G40. 
 
Introduction 
Ribozymes catalyze essential reactions for RNA processing and protein synthesis.  One such 
reaction is sequence-specific cleavage and ligation of a phosphodiester bond, which is catalyzed 
by the hammerhead,1 hairpin,2 hepatitis delta virus (HDV),3 Varkud satellite,4 twister,5 and glmS6 
ribozymes.  First reported in 2004, there are now over 450 identified glmS ribozyme 
representatives.7  The ribozyme resides in the 5’ untranslated region of an mRNA upstream from 
the coding region for L-glutamine/D-fructose-6-phosphate aminotransferase, which catalyzes the 
synthesis of glucosamine-6-phosphate (GlcN6P).8  In addition to being the product of L-
glutamine/D-fructose-6-phosphate aminotransferase, GlcN6P serves as a cofactor for the glmS 
ribozyme.6  Thus, the ribozyme is involved in a negative feedback mechanism, where expression 
of the glmS gene leads to higher GlcN6P production, which in turn results in glmS ribozyme 
activation and mRNA cleavage and subsequent down-regulation of the glmS gene.  GlcN6P 
eventually forms uridine 5’-diphospho-N-acetyl-D-glucosamine, which participates in the 
biosynthesis of amino sugar-containing macromolecules.9  
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The tertiary structure of the glmS ribozyme features a doubly-pseudoknotted core, as 
depicted in Figure 2.1A.10  The ribozyme undergoes self-cleavage at the phosphodiester bond 
between A-1 and G1.8  The active site consists of A-1, G1, another guanine residue positioned near 
the nucleophilic 2’-OH (G40 in Thermoanaerobacter tengcongensis11 and G33 in Bacillus 
anthracis12), and the GlcN6P cofactor positioned near the leaving group 5’oxygen (Figure 2.1B).  
We use the ‘G40’ notation in this manuscript.  The ribozyme’s self-cleavage reaction is thought to 
employ a general acid-base mechanism, in which a general base whose identity is unclear 
deprotonates A-1(O2’); A-1(O2’) makes an in-line attack on the scissile phosphate at the backbone 
between A-1 and G1; and the cofactor serves as a general acid to protonate the G1(O5’).  At the 
end of the reaction, the P-O5’ bond is broken, and the P-O2’ bond is formed to generate 2’,3’-
cyclic phosphodiester and 5’-hydroxyl termini products.12-15  
Experimental studies involving truncation and gene deletion6,8,11,16 have shown that a small 
region around the active site, which has high sequence conservation, is crucial to the catalytic 
activity.  Mutation of A-1G1 to CC, or mutation of G1 to A inhibits catalytic activity, while 
mutation of A-1 to G leads to a more modest rate reduction.6  Studies on the glmS ribozyme bound 
to GlcN6P and its analogs illustrate the catalytic importance of the amine group of GlcN6P.10,15 
According to Raman crystallography, the pKa of the amine group of bound GlcN6P is shifted from 
a solution pKa of 8.2 to 7.26±0.09,17 close to neutrality.  This shift, as well as structural studies 
that show the amine group of GlcN6P positioned near G1(O5’), support the cofactor’s potential 
role as a general acid.17,18  Additionally, classical molecular dynamics (MD) simulations have 
predicted that the cofactor will be protonated when bound to the active site.19,20  
The possible roles of G4021,22 and metal ions16,23 have also been explored.  Studies 
involving G40 mutations have shown that substitution of a different base for guanine at this 
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position results in a significant reduction of activity, where the greatest effect is seen with the 
G40A mutation with at least a 10,000-fold decrease in rate.12  G40 has been proposed to be the 
general base in the cleavage mechanism, but evidence challenging this proposition exists.  Studies 
with the fluorescence analog with an 8-azaguanine at this position have suggested that G40 has a 
basic-shifted pKa compared to the pKa of 9.2 for free guanine in solution.21,24  In addition, metal 
ion studies on the glmS ribozyme have suggested that divalent metal ions may have a non-specific 
role in the cleavage mechanism, as numerous divalent metal ions and monovalent ions at high 
concentrations support cleavage activity.6,25  Despite these previous studies on the glmS ribozyme, 
several crucial aspects of the mechanism remain unknown: (1) the identity of the base that 
deprotonates A-1(O2’); (2) the role of G40, which appears to be essential based on mutation 
studies;22 and (3) the fundamental mechanism of self-cleavage (i.e., concerted or sequential 
chemical steps). 
A variety of theoretical methods have been used to study the mechanisms of small 
ribozymes.26  Molecular dynamics simulations using classical force fields provide useful 
information about hydrogen-bonding interactions and structural motifs; however, they cannot 
describe the making and breaking of chemical bonds in the cleavage reaction.27  Traditional 
quantum mechanical/molecular mechanical (QM/MM) geometry optimizations are helpful in 
probing intermediates along possible reaction pathways, but they do not include conformational 
sampling and entropic contributions, which are essential for obtaining free energy barriers for 
comparison to experimentally measured rate constants.28,29  In contrast, QM/MM free energy 
simulations that combine umbrella sampling30 and a finite temperature string method28 can be used 
to generate the multidimensional free energy surface and to identify possible reaction paths, 
denoted minimum free energy paths (MFEPs), for complex biological reactions.31-37  This 
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approach is computationally tractable because only the relevant portions of the free energy surface 
are sampled.  We recently used this approach to study the self-cleavage reaction catalyzed by the 
HDV ribozyme.38  
Herein, we apply this QM/MM free energy approach to the glmS ribozyme in an effort to 
address the mechanistic issues discussed above.  Prior to the QM/MM free energy simulations, we 
performed classical MD simulations to elucidate key hydrogen-bonding interactions for the 
various protonation states in the proposed mechanisms.  We also performed QM/MM geometry 
optimizations to investigate the structures of the reactant, product, and intermediate states 
associated with the various reaction pathways and to obtain initial structures for the QM/MM free 
energy simulations.  The subsequent free energy simulations were used to generate the MFEPs for 
the proposed mechanisms and to calculate the relative free energies of key states in the reaction 
pathways.  To gain further insight into the relative ease of deprotonating either A-1(O2’) or 
G40(N1), we also conducted pKa calculations using the Poisson-Boltzmann with Linear Response 
Approximation (PB/LRA) approach.  To provide a degree of validation for the QM/MM free 
energy simulations, we experimentally measured the rate constant for the self-cleavage reaction 
catalyzed by the glmS ribozyme under various conditions, including those related to the in silico 
conditions.  The theoretical studies, supported by the experimental measurements, provide new 
insights into the mechanism of this self-cleavage reaction. 
 
Materials and Methods 
1. Classical MD simulations 
The system is based on a precleaved crystal structure (PDB ID 2Z75)11 of wild-type glmS ribozyme 
from Thermoanaerobacter tengcongensis.  The ribozyme consists of a substrate oligonucleotide 
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(chain A) and a longer RNA enzyme strand (chain B).  In this crystal structure, A-1 and G1 have 
the rare C2’-endo sugar pucker,12 the cofactor is the α-anomer,18 and A-1 has a 2’-deoxyribose to 
prevent the cleavage reaction.39  For our simulations, the hydroxyl group on the C2’ of A-1 was 
incorporated by superimposing it with another crystal structure of the glmS ribozyme (PDB ID 
2HO7), which utilized substitution of the amine group in the cofactor with a hydroxyl group to 
prevent the cleavage reaction.10  Three exterior uridine bases, U6, U49, and U103, which were not 
resolved in the crystal structure, were added to the system using the Maestro program,40 followed 
by energy minimization of only these bases.  These bases are distal from the active site and unlikely 
to affect catalysis.  The nine Mg2+ ions that were resolved in the crystal structure were included in 
the system, although none of these is near the site of cleavage. The hydrogens were added with the 
Accelrys Discover Studio Visualizer 2.0 program.  The system was solvated in an orthorhombic 
box containing TIP3P water41 and 0.15 M NaCl, which is near the physiological concentration of 
monovalent ions.42  Additional Na+ ions were added to neutralize the phosphate backbone.  
The classical MD simulations utilized the AMBER99 forcefield,43 periodic boundary 
conditions, and the Ewald treatment for long-range electrostatics.44  The charges for the cofactor, 
N1-deprotonated G40, and O2’-deprotonated A-1 were calculated using the RESP procedure45 (see 
details on RESP procedures in the Appendix A and Tables A.1 to A.3 for parameters). The MD 
simulations were performed using the DESMOND program46 with the same protocol previously 
used for the HDV ribozyme.47,48  The structures obtained after more than 25 ns of classical MD 
were found to be similar to the crystal structure except for changes expected for different 
protonation states and in flexible regions (Table A.4). 
 
 
 17 
2. QM/MM free energy simulations 
The QM/MM free energy simulations combine umbrella sampling and a finite temperature string 
method.  The QM region is depicted in Figure 2.2 and was treated with DFT/B3LYP with the 6-
31G** basis set.  This region included the cofactor and the critical residues G40, A-1, and G1, as 
well as the scissile phosphate.  Test calculations with the 6-31+G** basis set, which includes 
diffuse basis functions, were in qualitative agreement with the results obtained with the 6-31G** 
basis set (Table A.5).  The MM region was described by the AMBER99 forcefield,43 and the 
standard single link atom approach, in which the atoms at the boundary are capped by hydrogen 
atoms, was used to describe the QM/MM interface.49 An interface between Q-Chem50 and 
CHARMM51 was used to perform these QM/MM free energy simulations, following the same 
protocol used previously to study the HDV ribozyme.38  Here we briefly summarize this general 
approach.  Additional technical details are provided elsewhere.38,52 
In this approach, M reaction coordinates are used to describe the reaction of interest.  An 
initial string connecting the reactant and product structures is constructed in the M-dimensional 
reaction coordinate space.  This initial string is divided into N images, where each image 
corresponds to specified values of the M reaction coordinates.  Umbrella sampling is performed 
for each image to sample that region of phase space.  In particular, harmonic potentials with a force 
constant of 100 kcal mol-1 Å-2 centered at the specified values of the M reaction coordinates are 
applied during an MD trajectory for each image.  After 100 fs of MD, the N images are 
redistributed along the string, and the centers of the harmonic restraints are updated based on the 
average reaction coordinates of each image.  This procedure is repeated until the string is 
determined to be converged on the basis of several criteria described in the Appendix A 
(Convergence criteria and Figures A.2 to A.4).  The final converged string is the MFEP.  The 
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weighted histogram analysis method (WHAM)53 is used to unbias the data from all iterations to 
obtain the multidimensional free energy surface in the region of the MFEP.  
We carried out QM/MM free energy simulations to study two parts of the reaction: 
phosphate bond cleavage, which also includes proton transfer from the cofactor to G1(O5’), and 
proton transfer between G40(N1) and the nucleophilic A-1(O2’).  For phosphate bond cleavage, 
we consider mechanisms that are initiated by an external base as well as mechanisms that do not 
require an external base.  The proposed mechanisms for these two cases, denoted ‘cleavage with 
external base’ and ‘cleavage without external base’, are depicted in Figure 2.3.  The overall 
reaction evolves from the initial state, termed ‘State A’ to the post-cleavage state, termed ‘State 
P’.  When the reaction is initiated by an external base, the external base deprotonates either A-
1(O2’), producing State B, or G40(N1), producing State C1.  The identity of the external base was 
not considered here; it could be a metal-bound hydroxide ion, a buffer molecule, or another atom 
on the ribozyme itself, and will require additional study.  As will be shown below, A-1(O2’) was 
assumed to be deprotonated at the start of the initial string, but G40(N1) ended up deprotonated at 
the start of the converged string, and the proton subsequently transfers from A-1(O2’) to G40(N1) 
in the early stages of the MFEP.  This change in the mechanism of the converged MFEP compared 
to the initial string illustrates that the methodology has the flexibility to alter the mechanism.  When 
the reaction does not require an external base, both A-1(O2’) and G40(N1) are protonated (State 
A) at the beginning of the reaction pathway studied, and the proton is found to transfer to the pro-
Rp oxygen of the scissile phosphate in the early stages of the MFEP.  
These QM/MM free energy simulations of the phosphate bond cleavage included 9 and 12 
reaction coordinates for ‘cleavage with external base’ and ‘cleavage without external base’ 
simulations, respectively.  These reaction coordinates are defined in Figure 2.2, where reaction 
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coordinates r1-r9 are the same for the two types of mechanisms.  The initial string for the ‘cleavage 
with external base’ simulations was comprised of 11 images generated by a linear interpolation 
connecting the pre-cleavage and post-cleavage structures obtained from the QM/MM geometry 
optimizations described in the Supporting Information.  This type of an initial string mimics a 
concerted mechanism.  After seven iterations, the number of images was increased to 28 to obtain 
a higher degree of resolution for the MFEP, and a total of 21 iterations were performed, giving a 
total simulation time of 46.9 ps.  The initial string for the ‘cleavage without external base’, which 
was also generated from a linear interpolation connecting the pre-cleavage and post-cleavage 
structures, was comprised of 28 images, and 27 iterations were performed, resulting in a total 
simulation time of 75.6 ps.  Note that these total simulation times include all images for all 
iterations. 
To examine whether the MFEP depends on the choice of initial string, we also performed 
‘cleavage with external base’ simulations with an initial string associated with the sequential rather 
than the concerted mechanism.  The details of these calculations are provided in the Appendix A 
(Figure A.6), and the outcome illustrates that the results are not sensitive to the choice of the initial 
string.  In addition, we performed a statistical error analysis to estimate the error in the calculated 
free energy barriers due to statistical fluctuations.  As shown in Table A.6 of the Supporting 
Information, we found the error due to statistical fluctuations to be less than 1 kcal/mol. Note that 
this analysis reflects only the statistical error and does not account for systematic error due to 
limitations in the density functional, basis set, and classical forcefield.  
We also performed QM/MM free energy simulations to investigate the proton transfer 
reaction from A-1(O2’) to G40(N1) (i.e., the reaction from State C2 to State B in Figure 2.3).  
These simulations of the initial proton transfer reaction are denoted ‘O2’/N1 PT’ simulations.  In 
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this case, the initial string was generated from a linear interpolation connecting States C2 and B 
obtained from QM/MM geometry optimizations.  The QM region consisted of 30 atoms and 
included the sugar of A-1 and the base of G40.  Because the QM region did not include the scissile 
phosphate, the self-cleavage reaction was not able to proceed in these simulations.  This simulation 
included only three reaction coordinates, defined as r7, r8, and r9 in Figure 2.2, and the string was 
represented by 18 images.  Note that the r10 coordinate was not included in these simulations 
because this proton was not present.  We performed 100 fs of MD for each image per iteration.  
The simulations were terminated after 13 iterations because the system began to evolve toward a 
non-physical geometry.  The total simulation time was 23.4 ps.   
In addition, we used this approach to calculate the free energy difference between States 
C1 and C2 in Figure 2.3 to determine the relative populations of these two states.  These 
simulations are denoted ‘2’OH rearrangement’ simulations.  Because no chemical bonds are 
broken or formed, the entire system was described by the AMBER99 classical force field.43  The 
initial string was generated from a linear interpolation connecting the structures of States C1 and 
C2 obtained from QM/MM geometry optimizations.  The reaction coordinates considered in these 
simulations were the angles A-1(O2’):A-1(O2’H):G1(O2P) and A-1(O2’):A-1(O2’H):G40(N1), 
as defined in Figure A.11, and the string was represented by 30 images.  We performed 50 ps of 
MD for each image per iteration, and the simulations were converged after 15 iterations, 
corresponding to a total simulation time of 22.5 ns. 
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3. pKa calculations 
The PB/LRA approach enables the calculation of the shift in pKa of a residue or base in a protein 
or nucleic acid environment with respect to its pKa in solution.  The contribution of electrostatics, 
which is the dominant factor, to the pKa shift of residue AH can be calculated as 
( ) ( )AH,env AH,aqA ,env A ,aq
ap 2.303
G G G G
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RT
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where R is the gas constant, ‘env’ denotes a particular microenvironment, and ‘aq’ denotes aqueous 
solution.54-56 Knowledge of the experimentally measured pKa in solution can then provide an 
estimate of the absolute pKa in the environment of interest.  Studies in the literature57,58 have 
suggested that the value of the dielectric constant for the RNA environment, εenv, should be based 
on the type of structures for which the PB calculations are carried out.  If only the crystal structure 
is used, the value of εenv may need to be quite high because the nuclear relaxation of the 
environment in response to the change in the protonation state of the residue is not included.  
Alternative approaches have been proposed to include these effects, such as methods that account 
for side-chain rotamer sampling (i.e., the Multi-Conformer Continuum Electrostatics method59,60 
) or methods that account for relaxation of the environment by utilizing snapshots from MD 
trajectories.61 
In this paper, we performed the PB calculations for snapshots sampled from MD 
trajectories for both the protonated and deprotonated states of the residue in the environment of 
interest.  The pKa shifts were then averaged over both kinds of snapshots in an LRA framework to 
obtain the final pKa shift. This method was shown to be effective in previous continuum 
electrostatics studies aimed at calculating pKa shifts in proteins.61  The choice of dielectric constant 
for the environment has been discussed extensively in the literature.  In the limit of infinite 
sampling, it has been suggested that εenv=2 is appropriate for use with PB/LRA calculations to 
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account for deficiencies of standard non-polarizable forcefields in describing electronic 
polarization.62  In this study, the snapshots used for the PB/LRA calculations were sampled from 
relatively long 25 ns MD trajectories. To account for modest deficiencies in the sampling, we used 
εenv=4 for the results reported in the main paper (Table 2.3).  To test the sensitivity of the results 
to the choice of dielectric constant, we also performed the same calculations with εenv=8 and found 
that the results remain qualitatively similar (Table A.7).   
In addition, we found that the ions in the bulk must be treated explicitly rather than 
implicitly, as is typical within the PB approach for proteins.  The explicit treatment of ions is 
necessary for a proper description of neutralization of the backbone charges of the ribozyme. 
Hence all explicit ions in the primary box used in the MD simulations were retained in the PB 
calculations, and the positions of these ions were different for each snapshot sampled from the MD 
trajectories.  The atomic radii and partial charges were defined using the customized AMBER99 
parameter set.  We used a solvent dielectric constant of 80.0 to describe the aqueous environment. 
For the PB calculations of the reference species in aqueous solution, the residue of interest was 
extracted from the biomolecular environment and placed in a dielectric continuum with ε=80.  In 
these calculations, the ions in the bulk were treated implicitly, with concentrations of 150 mM and 
radii of 2 Å for both negatively and positively charged ions.  For the benchmarking studies on 
adenine guanine dinucleotide (ApG), with a reference of ApEt in which the guanine is substituted 
by an ethyl group,63 the explicit ions were also retained for the reference calculations.  The pKa 
calculations for A-1(O2’) also used a reference of ApEt and explicit ions.  The pKa calculations on 
G40 used guanosine as the reference. 
The three-dimensional grid for the PB calculations was chosen such that its boundaries 
extend ~15-20 Å beyond all explicit atoms and ions.  A grid spacing of 0.4 Å and a solvent probe 
 23 
radius of 1.4 Å were used for all calculations discussed herein.  For each PB/LRA calculation, 
approximately 200 snapshots separated by at least 10 ps were obtained from the classical MD 
trajectories.  
 
4. Reaction rate measurement 
The crystal structure used for the calculations (PDB ID 2Z75) was solved for RNA crystals 
stabilized in 1.7 M LiCl, 30 mM MgCl2, 100 mM Tris-HCl (pH 8.5), and 15 mM GlcN6P.11  In 
the free energy simulations, 150 mM NaCl was used, which mimics physiological ionic strength, 
and the temperature was 25°C.  For the experiments, conditions of 25 oC and 150 mM NaCl were 
also used.  In addition, 100 mM HEPES (pH 8.5) and 10 mM GlcN6P were used in the 
experiments; the concentration of GlcN6P is more than three times the Kd for GlcN6P binding to 
Bacillus anthracis glmS ribozyme of 1.4 mM, and should therefore be saturating.18  We performed 
experiments at 3 mM Mg2+, which closely matches those of the calculations, as well as 30 mM 
Mg2+. 
For experiments at 3 mM Mg2+, manual mixing was used.  Time points were collected, 
quenched with 20 mM EDTA, and immediately placed on dry ice.  For experiments at 30 mM 
Mg2+, the KinTek RQF-3 Rapid Chemical Quench-Flow instrument was used. Here, time points 
were collected, quenched with 150 mM EDTA, and immediately placed on dry ice.  For both Mg2+ 
conditions, reaction aliquots were combined with formamide loading buffer as well as 1 mM 
heparin, which minimized retention of RNA in the wells, and fractionated on denaturing 
polyacrylamide gels containing 8.3 M urea.  Gels were dried and visualized using a 
PhosphorImager and analyzed using ImageQuant.  Data were fit to the single exponential equation 
Eq. (2), 
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Results and Discussion 
1. Classical MD simulations  
We performed classical MD simulations for each of three different protonation states depicted in 
Figure 2.3: State A, where both A-1(O2’) and G40(N1) are protonated; State B, where A-1(O2’) 
is deprotonated; and States C1/C2 (collectively denoted State C), where G40(N1) is deprotonated 
and two hydrogen-bonding arrangements are possible. In all cases, the cofactor has a protonated 
amine group and a doubly deprotonated phosphate tail, as depicted in Figure 2.1B. For each state, 
we propagated at least two 25 ns MD trajectories starting with different initial conditions.  The 
preferred hydrogen-bonding network in the active site for each state during the MD trajectories is 
depicted in Figure A.7, and the average donor-acceptor distances for the three key hydrogen-
bonding interactions are given in Table 2.1. The results for States A and C are qualitatively 
consistent with previously published MD simulation results on the glmS ribozyme.19 In State A, 
the hydrogen atom on G40(N1) always forms a hydrogen bond with A-1(O2’), and the hydrogen 
atom on A-1(O2’) always forms a hydrogen bond with the pro-Rp oxygen. In State B, the hydrogen 
atom on G40(N1) always forms a hydrogen bond with the deprotonated A-1(O2’).  
In State C, two different hydrogen-bonding interactions were observed, as depicted 
schematically in Figure 2.3. In State C1, the hydrogen atom on A-1(O2’) still forms a hydrogen 
bond with the pro-Rp oxygen, as in State A. In State C2, the hydrogen atom on A-1(O2’) forms a 
hydrogen bond with the deprotonated G40(N1) instead.  As shown in Figure 2.4, the system 
fluctuates between States C1 and C2 during the 25 ns MD trajectory. Because there is no hydrogen-
bonding interaction between A-1 and G40 in State C1, the average A-1(O2’)-G40(N1) distance is 
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noticeably larger than that in the other states.  Specifically, this average distance is 4.16 Å for State 
C1 and is 2.88 – 3.20 Å for States A, B, and C2, as given in Table 2.1. 
In all of these MD trajectories, the cofactor remained in the active site, and one of the three 
hydrogen atoms bonded to GlcN6P(N2) was hydrogen bonded to G1(O5’). In addition, one of the 
hydroxyl groups of GlcN6P was hydrogen bonded to the pro-Rp oxygen of the scissile phosphate. 
Although nine Mg2+ ions were included in the simulations, these ions, which started at their 
crystallographic sites, remained localized at these sites throughout the simulations.  These stable 
interactions include the two Mg2+ ions in contact with the phosphate tail of the cofactor, as 
previously observed by experiments23 and simulations.19 These particular Mg2+ ions are distal from 
the active site and are not thought to play a direct role in the self-cleavage reaction mechanism of 
the glmS ribozyme. In support of this notion, the glmS ribozyme functions in the absence of 
divalent ions when high concentrations of monovalent ions are present, albeit at a substantially 
slower rate, and in the presence of the exchange inert cobalt hexammine ion.16   
 
2. QM/MM free energy simulations 
We performed QM/MM free energy simulations to generate the multidimensional free 
energy surfaces and MFEPs for the self-cleavage reaction catalyzed by the glmS ribozyme.  As 
discussed above, we considered two different types of phosphate bond cleavage mechanisms.  In 
the ‘cleavage with external base’ simulations, either the A-1(O2’) or the G40(N1) was 
deprotonated prior to the start of the reaction pathway studied, whereas in the ‘cleavage without 
external base’ simulations, both A-1(O2’) and G40(N1) were protonated at the beginning of the 
reaction pathway studied.  In both types of simulations, we considered three possible reaction 
pathways for the self-
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are shown to start with State B in the ‘cleavage with external base’ simulation.  In this case, an 
external base is assumed to deprotonate either A-1(O2’), producing State B, or G40(N1), 
producing State C1, which can transform to State B via the pathway shown in Figure 2.3.   An 
analogous figure for the ‘cleavage without external base’ simulation starts with State B’, in which 
the pro-Rp oxygen is protonated, and is provided in Figure A.8.    
The three pathways depicted in Figure 2.5 correspond to one concerted and two sequential 
mechanisms.  In the concerted pathway, denoted by the middle arrow, the P-O bonds are formed 
and broken simultaneously along with the proton transfer from the cofactor to G1(O5’), passing 
through a single phosphorane-like transition state.  In the upper sequential mechanism, the 
nucleophilic attack of A-1(O2’) on the phosphate occurs first, generating a phosphorane 
intermediate, followed by protonation of G1(O5’).  In the lower sequential mechanism, proton 
transfer from the cofactor occurs first, generating an intermediate with protonated G1(O5’), 
followed by the nucleophilic attack of A-1(O2’) on the phosphate.  From the QM/MM 
optimizations described below, we found a stable phosphorane intermediate corresponding to the 
upper sequential pathway but were unable to find a stable intermediate corresponding to the lower 
sequential pathway.  As discussed above, the initial string in both types of cleavage free energy 
simulations corresponded to the concerted mechanism.  To test the sensitivity of the approach to 
the initial string, we also performed the ‘cleavage with external base’ simulation with an initial 
string corresponding to the upper sequential mechanism and found that both initial strings lead to 
the same mechanism. 
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QM/MM geometry optimizations 
The initial strings for the QM/MM free energy simulations were generated from structures 
obtained by QM/MM geometry optimizations, which provided minimum-energy structures 
corresponding to State C2 and State B defined in Figure 2.3, as well as a phosphorane-like 
intermediate, and a post-cleavage state.  The key distances r1-r9 for these four states are provided 
in Table 2.2.  In the two pre-cleavage states, the P-O5’ bond is fully formed, and the amine group 
of the cofactor is protonated, as indicated by the values of r2 and r5, respectively.  Note that r5 is 
chosen to correspond to the specific amine hydrogen that is hydrogen bonded to O5’.  The C2 and 
B pre-cleavage states differ in the protonation site for the hydrogen-bonding interaction between 
A-1 and G40.  In State C2, G40(N1) is deprotonated and A-1(O2’) is protonated, whereas in State 
B, G40(N1) is protonated and A-1(O2’) is deprotonated, as indicated by a comparison of r7 and 
r8 in Table 2.2.  In the phosphorane-like intermediate, denoted dianionic phosphorane (Int) in 
Figure 2.3, the P-O2’ and P-O5’ bond lengths (i.e., r1 and r2) are nearly equal, and the G1(O5’) is 
not yet protonated (i.e., the proton remains on the amine group of the cofactor, as indicated by r4 
and r5).64  In the post-cleavage state, the P-O2’ bond has formed, the P-O5’ bond with G1 has 
broken, and the proton has been transferred from the amine group of the cofactor to G1(O5’), as 
indicated by r1, r2, and r4, respectively, and depicted in Figure 2.3.  These four structures were 
used to generate the initial strings for the QM/MM free energy simulations described in the 
remainder of this subsection. 
 
Phosphate Bond Cleavage with External Base Activation 
First we discuss the results from the ‘cleavage with external base’ simulations.  The initial string 
was associated with the concerted mechanism and was generated from a linear interpolation 
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connecting the QM/MM optimized structures for the pre-cleavage State B and the post-cleavage 
product State P.  Figure 2.6A depicts the initial (dashed) and converged (solid) strings, as well as 
the two-dimensional (2D) free energy surface, projected along the collective reaction coordinates 
(r2-r1) and (r5-r4).  As shown in Figure 2.2, (r2-r1) is associated with the P-O2’/P-O5’ bond 
making/breaking, and (r5-r4) is associated with proton transfer from the cofactor amine group to 
G1(O5’).  The one-dimensional (1D) free energy profile along the converged string is depicted in 
Figure 2.6B, and the changes in key reaction coordinates along this MFEP are shown in Figure 
2.6C.   
These simulations assume that an external base deprotonated either A-1(O2’) or G40(N1) 
prior to the start of the reaction pathway studied.  On the basis of Figures 2.6A and 2.6B, the 
subsequent self-cleavage mechanism is concerted because there is no stable intermediate (i.e., 
there is only a single transition state).  In the 2D reaction coordinate system shown in Fig. 6A, the 
diagonal nature of the converged MFEP line suggests a concerted mechanism because the P-O 
bonds are forming and breaking simultaneously with the proton transfer reaction.  The free energy 
surface corresponds to a pathway with a single free energy barrier that is ~19 kcal/mol. As will be 
discussed below, this free energy barrier is consistent with experimentally measured rate constants. 
Analysis of the changes of key reaction coordinates along the MFEP in Figure 2.6C 
provides insights into the details of the mechanism. As mentioned above, at the beginning of the 
initial string, A-1(O2’) was deprotonated and G40(N1) was protonated, as in State B.  In the 
converged string, however, the proton was found to be bound to A-1(O2’) instead of G40(N1) at 
the beginning of the string (State C2) and then to transfer to G40(N1) (State B) during the self-
cleavage reaction.  The initial proton transfer reaction from A-1(O2’) to G40(N1) (i.e., from State 
C2 to State B) is depicted by the curves associated with reaction coordinates r7 and r8 in Figure 
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2.6C.  Note that r8 decreases while r7 remains relatively constant over the first five images, 
indicating that G40(N1) is moving closer to the hydroxyl group on A-1(O2’).  This movement 
occurs as O2’ begins its attack on the phosphorus, indicated by accompanying decreases in r1 and 
r8.  In other words, G40 ‘follows’ the O2’ as it attacks the phosphorus and therefore plays a role 
in directing this in-line attack.  The proton is midway between A-1(O2’) and G40(N1) when the 
curves associated with reaction coordinates r7 and r8 cross, which occurs between images 7 and 
8.  At this point A-1(O2’) is ~2.3 Å from the scissile phosphate, as indicated by the curve associated 
with r1.  In other words, this proton transfer does not occur until the attacking A-1(O2’) is close 
enough to the scissile phosphate, thereby lowering the pKa of A-1(O2’).  The observation that the 
mechanism changed during the iterative procedure for the QM/MM free energy simulations (i.e., 
the converged string begins in State C2 even though the initial string began in State B) indicates 
that this approach does not rely strongly on the initial string but rather is flexible enough to evolve 
toward the MFEP even when the mechanism of the MFEP differs significantly from that of the 
initial string. 
 After this initial proton transfer from A-1(O2’) to G40(N1), the A-1(O2’) is 2.01 Å from 
the scissile phosphate (r1 in image 11 in Figure 2.6C).  As indicated by reaction coordinates r1 and 
r2 in Figure 2.6C, the A-1(O2’)-P distance decreases only slightly as the G1(O5’)-P distance 
increases.  At image 12, the A-1(O2’)-P and G1(O5’)-P distances are both 1.92 Å, resembling a 
phosphorane-like structure that is not a minimum on the free energy surface.  When the G1(O5’)-
P distance is slightly longer than the A-1(O2’)-P distance, the proton begins to transfer from the 
amine group of the cofactor to G1(O5’), as indicated by reaction coordinates r4 and r5 in Figure 
2.6C.  The A-1(O2’)-P bond forms and the G1(O5’)-P bond breaks during this proton transfer 
reaction.  The proton is midway between the amine group and G1(O5’) between images 14 and 
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15, followed by completion of this proton transfer reaction by image 18.  At the end of the reaction 
pathway, the distance between A-1 and both G40 and G1 increases because of the cleavage 
reaction, as revealed by large increases in r7 and r2, respectively.   
The transition state, which is associated with the point of highest free energy, occurs at 
image 14.  In this structure, the A-1(O2’)-P distance is 1.80 Å, the G1(O5’)-P distance is 2.13 Å, 
the pro-Rp-P distance is 1.50 Å, the pro-Sp-P distance is 1.56 Å, and the A-1(O3’)-P distance is 
1.72 Å.  Note that the last three bond lengths were not reaction coordinates but were obtained by 
averaging over the final iteration of the free energy simulation.  This type of a product-like, “late” 
transition state, where the O5’-P distance is longer than the O2’-P distance, is typical for reactions 
in which the protonation of the leaving group is delayed.65   
This analysis suggests that the reaction is concerted but asynchronous, where the sequence 
of events is as follows: (1) proton transfer from A-1(O2’) to G40(N1), (2) O-P bond 
making/breaking, and (3) proton transfer from the cofactor amine group to G1(O5’).  This 
sequence of events is illustrated schematically in Figure 2.3A, which shows the progression from 
State C2 to State B to the dianionic phosphorane-like transition state to the post-cleavage product.  
In addition, Figure 2.7A depicts structures along the MFEP denoted numerically in Figure 2.6B.  
Note that these structures are not stable intermediates (i.e., they are not minima on the free energy 
surface) but rather simply represent selected structures along the MFEP to illustrate the 
asynchronous mechanism.  Moreover, these steps are not completely independent and overlap 
somewhat during the reaction pathway, as illustrated by Figure 2.6C.  The mechanism is still 
defined to be concerted in the sense that the reactant and product are connected by a single 
transition state without any stable intermediates.  To test the dependence of this result on the initial 
string, we constructed an initial string associated with the sequential mechanism using the 
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QM/MM optimized phosphorane intermediate.  As shown in the Figure A.6, this sequential 
mechanism evolved toward a concerted pathway during the iterative procedure.  These simulations 
suggest that the ‘cleavage with external base’ simulations occur via a concerted yet asynchronous 
mechanism, without a strong dependence on the initial string. 
In these simulations, we assumed that the scissile phosphate is not protonated.  At image 
12 of the converged string, the O2’-P and O5’-P distances are both 1.92 Å, resembling the 
phosphorane intermediate obtained from the QM/MM geometry optimizations, which exhibited 
distances of 1.94 Å and 1.88 Å, respectively. If this reaction occurs at relatively low pH, the 
dianionic phosphorane may become singly or doubly protonated, potentially favoring a stable 
phosphorane intermediate and therefore a sequential mechanism. Previous experiments and 
calculations on model systems suggest that the first protonation of a dianionic phosphorane is 
associated with a pKa of ~14.66,67 Although adding a proton to the phosphorane intermediate was 
not allowed for these simulations, we considered this possibility in the ‘cleavage without external 
base’ simulations described in the next subsection. 
In addition, the dianionic phosphorane may be stabilized by an electrostatic interaction 
between the positive charge of the cofactor amine group and the negative charges of the pro-RP 
and pro-SP oxygens.68   From the reactant to the transition state along the MFEP, we found that the 
pro-Sp and pro-Rp oxygen atoms are 3.0-3.5 Å and 3.5-4.0 Å from the nitrogen atom on the cofactor 
amine group. Natural Bond Orbital (NBO) analyses69,70 on the QM atoms of selected snapshots 
along the MFEP indicate substantial negative charges on the two nonbridging oxygen atoms and 
a positive charge on the cofactor amine group up to the transition state (Figure A.9).  The relatively 
short distances and opposite charges support electrostatic stabilization effects in this region.   In 
addition, we observed stable hydrogen-bonding interactions between the pro-SP oxygen and 
 32 
G39(N1) and G39(N2) and between the pro-RP oxygen and G65(N2) and O1 of GlcN6P, providing 
further stabilization of the negative charges on these oxygen atoms (Figure A.13). 
 
Phosphate Bond Cleavage without External Base  
The ‘cleavage without external base’ simulations assume that both A-1(O2’) and G40(N1) are 
protonated prior to the start of the reaction pathway studied, as in State A.  The initial string was 
associated with the concerted mechanism and was generated from a linear interpolation connecting 
the QM/MM optimized structures for the pre-cleavage State A, in which both A-1(O2’) and 
G40(N1) are protonated, and the post-cleavage product state in which the proton has transferred 
from A-1(O2’) to the pro-Rp oxygen. (Note the similarity of the initial strings for the two types of 
simulations in Figures 2.6A and 2.6D.) Figure 2.6D depicts the initial (dashed) and converged 
(solid) strings, as well as the 2D free energy surface, projected along the collective reaction 
coordinates (r2-r1) and (r5-r4).  Figure 2.6E depicts the 1D free energy profile along the converged 
string, and Figure 2.6F depicts the changes in key reaction coordinates along this MFEP. 
 The mechanism obtained from these simulations differs from that obtained with an 
external base in that the initial proton transfer reaction is from A-1(O2’) to the pro-RP oxygen 
instead of to G40(N1).  In addition, the phosphorane-like structure that occurs along the reaction 
pathway is monoanionic instead of dianionic and represents a stable intermediate (i.e., a minimum 
on the free energy surface).  In the simulations without an external base, the proton on A-1(O2’) 
transfers to the pro-RP oxygen in the early stage of the MFEP, concurrent with the initial attack of 
A-1(O2’) on the scissile phosphate. This initial proton transfer is indicated by the intersection of 
the curves corresponding to r10 and r11 in Figure 2.6F, while the concurrent attack of A-1(O2’) 
on the scissile phosphate is indicated by the decrease of reaction coordinate r1.  A minimum on 
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the free energy surface occurs subsequent to this initial proton transfer reaction, corresponding to 
a monoanionic phosphorane intermediate in which the pro-RP oxygen is protonated (image 15).  
This phosphorane intermediate is a minimum for these simulations because it is stabilized by 
proton transfer to the pro-RP oxygen to generate the monoanionic phosphorane, in contrast to the 
dianionic phosphorane-like structure, which is not a stable intermediate in the ‘cleavage with 
external base’ simulations.   
Because a minimum is observed on the free energy surface, the reaction in the ‘cleavage 
without external base’ simulations is determined to be sequential with a phosphorane intermediate.  
The first step is a concerted yet asynchronous process involving the initial proton transfer from A-
1(O2’) to the pro-RP oxygen followed by the formation of a phosphorane intermediate.  This first 
step is concerted in that the reactant and the phosphorane intermediate are connected by a single 
transition state, but the proton transfer and phosphorane intermediate formation occur in an 
asynchronous yet coupled fashion.  In State B’, the hydrogen-bonding interactions of A-1(O2’) 
with both the pro-RP oxygen (r10 and r11 in Figure 2.6F) and G40(N1) (r9 in Figure A.14) restrict 
the in-line attack of A-1(O2’) on the phosphate.  The second step in these simulations involves the 
completion of the P-O bond making/breaking and the proton transfer from the cofactor to G1(O5’).  
This second step is also concerted in that the phosphorane intermediate and the product are 
connected by a single transition state.  G40 remains neutral during this entire mechanism and is 
not involved in any proton transfer reaction, although it could assist in orienting O2’ for in-line 
attack of the phosphorus. This sequence of events is illustrated schematically in Figure 2.3B, which 
shows the progression from State A to State B’ to the monoanionic phosphorane intermediate to 
the post-cleavage product.  In addition, Figure 2.7B depicts structures along the MFEP denoted 
numerically in Figure 2.6E.  Some of these structures, such as the phosphorane intermediate, are 
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stable intermediates, but others are simply structures occurring along the MFEP to illustrate the 
asynchronous mechanism.    
The overall effective free energy barrier along this MFEP is ~30 kcal/mol. The free energy 
barrier for the first step is ~22 kcal/mol, and the phosphorane intermediate is ~20 kcal/mol higher 
than the reactant.  This free energy difference between the phosphorane intermediate and the 
reactant includes the free energy associated with proton transfer from A-1(O2’) to the pro-RP 
oxygen and the formation of the phosphorane intermediate.  In principle, the free energy associated 
with the initial proton transfer can be estimated from the pKa differences between the proton donor 
and acceptor, but this initial proton transfer cannot be rigorously separated from the formation of 
the phosphorane intermediate, which also occurs in the first step.  The free energy barrier for the 
second step is ~10 kcal/mol and corresponds mainly to the proton transfer from the cofactor to 
G1(O5’), as well as the completion of the P-O bond making/breaking.   
In comparing the mechanisms and free energy barriers obtained from the two types of 
simulations, it is important to keep in mind that the ‘cleavage with external base’ mechanism 
requires an initial deprotonation of the G40(N1), which would contribute to the observed rate 
constant in the form of a pre-equilibrium constant.  This contribution to the free energy can be 
determined from the pKa of G40(N1), which is estimated experimentally to be around 10.21 Using 
the Henderson-Hasselbalch equation for a pH of 7, the reaction free energy for the deprotonation 
of G40(N1) (i.e., State A to State C1) is ~4 kcal/mol.  Thus, the overall effective free energy barrier 
associated with the ‘cleavage with external base’ simulations is the sum of 19 kcal/mol shown in 
Figure 2.6B and 4 kcal/mol associated with the pre-equilibrium constant for initial deprotonation 
of G40(N1), leading to an overall effective free energy barrier of ~23 kcal/mol.  Although this 
analysis provides only qualitative estimates, comparison of the overall effective free energy 
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barriers of ~23 kcal/mol and ~30 kcal/mol for the simulations with and without external base, 
respectively, suggests that the mechanism using an external base may be favorable over the 
mechanism that does not invoke an external base.  
 
Proton transfer between A-1(O2’) and G40(N1): The O2’/N1 PT simulations 
The initial proton transfer reaction between A-1(O2’) and G40(N1) was also examined 
independently with this QM/MM free energy simulation approach.  In these simulations, denoted 
‘O2’/N1 PT’, only the sugar ring in A-1 and the G40 base were included in the QM region, and 
one of these residues was assumed to have been deprotonated by an external base prior to the 
reaction studied. The self-cleavage reaction was inhibited because the scissile phosphate moiety 
was not included in the QM region.  The MFEP generated by these simulations indicates a 
minimum for the system with the proton covalently bonded to A-1(O2’) but not with the proton 
covalently bonded to G40(N1) (Figure A.10).  Moreover, the distance between A-1(O2’) and 
G40N1 (r9) is shorter when the proton is bonded to A-1(O2’), providing a more stable hydrogen 
bond (Figure A.10).  This result implies that the proton will remain on A-1(O2’) prior to the self-
cleavage reaction.   
The results from these simulations are consistent with the results from the ‘cleavage with 
external base’ simulations, where the proton is covalently bonded to A-1(O2’) in the early stages 
of the MFEP and is not transferred to G40(N1) until the attacking A-1(O2’) is ~2.3 Å from the 
phosphorus. These phosphate bond cleavage simulations suggest that A-1(O2’) starts attacking the 
phosphate as a hydroxyl group, concurrent with G40(N1) moving closer to the H of the hydroxyl 
group, and then transfers its proton to G40(N1) midway through this attack.  When the O2’ of A-
1 gets close enough to the phosphate, its pKa decreases to an extent that it can be deprotonated by 
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G40(N1), which has moved closer and thus facilitates the proton transfer reaction.  In the ‘O2’/N1 
PT’ simulations, A-1(O2’) does not get close enough to the phosphate to enable this proton transfer 
reaction because self-cleavage is inhibited by omitting the scissile phosphate from the QM region.  
In this somewhat artificial situation, the pKa of A-1(O2’) remains much higher than that of 
G40(N1), and proton transfer to G40(N1) does not occur. 
 
Transformation between States C1 and C2: The 2’OH rearrangement simulations 
In Figure 2.3A, G40(N1) is deprotonated by an external base, resulting in State C1, followed by a 
hydrogen-bonding rearrangement to produce State C2, which undergoes a proton transfer reaction 
to produce State B.  The transformation between States C1 and C2 involves the rotation of the 
2’OH to move the hydrogen bond from the pro-Rp oxygen to G40(N1). Because it does not require 
the making or breaking of chemical bonds, this rearrangement can be described by a classical force 
field.  In principle, the relative free energies of States C1 and C2 could be determined from 
extensive classical MD via the relative populations of these two states.  As shown in Figure 2.4, 
we observed conversions between States C1 and C2 during a 25 ns classical MD trajectory, which 
illustrates that this transformation is not sterically forbidden.  Although we also propagated another 
independent trajectory, 50 ns of classical MD is not a sufficient amount of sampling to allow a 
quantitative calculation of the relative free energies of States C1 and C2. 
Instead, we used umbrella sampling with the finite temperature string method to calculate 
the relative free energies of States C1 and C2 in the ‘2’OH rearrangement’ simulations.  Figure 
S11 depicts the two angular coordinates used to describe this hydrogen-bonding rearrangement, 
and Figure A.12 presents the 2D free energy surface and MFEP.  The free energy barrier for this 
hydrogen-bonding rearrangement is ~5 kcal/mol, indicating that it would be reasonably facile at 
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room temperature.  The free energy of state C1 is ~1 kcal/mol lower than that of state C2, 
suggesting that they are almost equally thermodynamically favorable. These results will be used 
in the pKa calculations described in the next subsection. 
 
3. pKa calculations 
We used the PB/LRA method to calculate the relative pKa of G40(N1) and A-1(O2’) in an effort 
to identify the thermodynamically favorable deprotonation site, thereby determining whether State 
A will be more likely to evolve to State B or State C1 (Figure 2.3). Prior to these calculations, we 
benchmarked this methodology for these types of systems by calculating the pKa of A(O2’) in ApG 
in aqueous solution.  The details of these benchmarking calculations are provided in the Appendix 
A.  We calculated the pKa of the 2’-OH group of adenine in ApG in 1 M NaCl to be ~13.3, which 
is ~1 pKa unit higher than the experimentally measured value of 12.31.63   
To provide additional benchmarking, we calculated the pKa of G40(N1) and compared it 
to an experimentally measured value. When G40(N1) is deprotonated and A-1(O2’) is protonated, 
the system samples two states, denoted State C1 and State C2 in Figure 2.3.  Thus, the pKa of 
G40(N1 corresponds to the deprotonation of State A to form a mixture of States C1 and C2.  We 
used the free energy difference calculated from the ‘2’OH rearrangement’ simulations described 
in the previous subsection to weight the pKa values associated with these two states. Again, the 
details of these benchmarking calculations are provided in the Appendix A.  We calculated the pKa 
of the G40(N1) to be ~12.8, which is ~2.6 units higher than the value of ~10.2 determined from 
experimental measurements.  Overall, these benchmarking studies suggest that the calculated 
pKa’s in the ribozyme may be overestimated by ~1-3 pKa units.  
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Following these benchmarking studies, we calculated the pKa of A-1(O2’), which has not 
been experimentally measured in the glmS ribozyme. When A-1(O2’) is deprotonated and G40(N1) 
is protonated, the system samples a single state, denoted State B in Figure 2.3.  Thus, the pKa of 
A-1(O2’) corresponds to the deprotonation of State A to form State B.  As with ApG, we used 
ApEt in solution as the reference,63 and the experimentally measured63 pKa of 12.51±0.05 for ApEt 
at 1 M NaCl was extrapolated to 150 mM NaCl using the approach described previously71 to obtain 
a pKa of 12.7 for ApEt at 150 mM NaCl. Using this reference, the pKa value for A-1(O2’) was 
calculated as ~19.6 at 150 mM NaCl. 
Thus, the calculations indicate that the pKa of A-1(O2’) is ~7 units higher than that of 
G40(N1).  Analyzing such a difference in pKa avoids systematic errors observed in the 
benchmarking studies because systematic errors cancel out.  The unusually high pKa for A-1(O2’) 
may be due to the strong hydrogen-bonding interaction with the pro-RP oxygen of the scissile 
phosphate, as depicted in Figure 2.3 for State A.  This pKa difference supports the formation of 
State C1 rather than State B from State A because deprotonation of G40(N1) is ~9 kcal/mol more 
thermodynamically favorable than deprotonation of A-1(O2’). 
In addition, these pKa calculations imply that the free energy of State B is ~11 kcal/mol 
higher than that of State C2. This result is consistent with the ‘O2’/N1 PT’ free energy simulations 
that revealed a significantly lower free energy for State C2 than for State B.  This result is also 
consistent with the ‘cleavage with external base’ MFEP, where the proton starts on A-1(O2’) and 
is only transferred to G40(N1) as the nucleophilic attack of A-1(O2’) on the phosphate group 
lowers its pKa value.  Thus, the pKa calculations are consistent with the free energy simulations 
described in the previous subsection. 
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4. Experimentally measured rate constant 
Experiments were carried out to determine whether the calculated free energy barrier for the self-
cleavage reaction is reasonable under related conditions.  We initially chose a Mg2+ concentration 
of 3 mM as it is close to biological for bacteria where the glmS ribozyme is found, as well as 
physiological ionic strength of 150 mM NaCl.72,73 Moreover, these Mg2+ and Na+ conditions are 
close to those used in the calculations. Plots of fraction cleaved versus time for the 3 mM Mg2+ 
conditions are shown in Figure 2.8A, where the data from the average of three trials were fit to the 
single exponential expression given in Eq. (2).  The corresponding rate constant at 3 mM MgCl2 
is 0.013 ± 0.003 min-1 (Figure 2.8A).  The data show only one phase with an amplitude of ~0.6.  
Substantial degradation of the ribozyme was observed at time points longer than those used in the 
fits.   
 From the theoretical simulations, an overall effective free energy barrier of ~23 kcal/mol 
was observed for the mechanism that was activated by an external base. We converted this 
effective free energy barrier to a rate constant using the transition state theory expression 
 G RTBk Tk e
h
-=
‡Δ , (2.3) 
where kB is Boltzmann’s constant, h is Planck’s constant, and †GD is the effective free energy 
barrier.  At 300 K, the prefactor is 6.25 ps-1, leading to a rate constant of 0.0066 min-1.  This value 
is comparable to the experimentally measured rate constant of 0.013 ± 0.003 min-1 at 3 mM MgCl2.  
On the other hand, if the experimental rate constant is converted to a free energy barrier using Eq. 
(2.3), the experimentally obtained free energy barrier is 22.6 ± 0.2 kcal/mol, which is in excellent 
agreement with the calculated free energy barrier of 23 kcal/mol, which has an error of ~1 kcal/mol 
based on the statistical error analysis in the Supporting Information and additional error introduced 
by the estimate of the free energy of the initial deprotonation. 
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 We also measured the rate constant for glmS self-cleavage at the higher Mg2+ concentration 
of 30 mM.  The rate under these conditions was considerably faster, with an observed rate constant 
of 110 ± 10 min-1 (Figure 2.8B). The data collected at 30 mM MgCl2 show only one phase with an 
amplitude of ~0.3.   This rate constant agrees with other measurements under similar temperature 
and Mg2+ conditions.15  Given that our in silico conditions are more similar to the 3 mM Mg2+ 
experimental conditions, we compare our calculations to those results.  Future experimental and 
theoretical studies will be required to address the possible roles of Mg2+ in the reaction. 
 
Conclusions 
QM/MM free energy simulations and pKa calculations were performed to investigate the self-
cleavage reaction catalyzed by the glmS ribozyme.  In one proposed mechanism, the reaction is 
initiated by deprotonation of G40(N1) by an external base, presumably by a metal-bound 
hydroxide ion, a buffer molecule, or another atom on the ribozyme itself.  G40(N1) rather than A-
1(O2’) is deprotonated because the pKa of A-1(O2’) is significantly higher than that of G40(N1) 
in this initial state, most likely due to the hydrogen-bonding interaction between A-1(2’OH) and 
the pro-Rp oxygen.  Following deprotonation of G40(N1), hydrogen bonding between A-1(2’-OH) 
and the negatively charged G40(N1) is also possible.  Both of these hydrogen-bonding 
configurations are thermodynamically accessible at room temperature, but only the A-1(2’-
OH):G40(N1) hydrogen-bonding configuration can initiate the self-cleavage reaction. In this 
catalytically active hydrogen-bonding configuration, the proton remains bound to A-1(O2’) 
because the pKa of A-1(O2’) is significantly higher than that of G40(N1).   As A-1(O2’) attacks 
the phosphorus to form an O-P bond, the pKa of A-1(O2’) is lowered and the G40(N1)-H distance 
shortens, allowing the proton to transfer from A-1(O2’) to G40(N1).  The subsequently formed 
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dianionic phosphorane-like structure is not a stable intermediate, but rather represents a transition 
state on the free energy surface.  The self-cleavage reaction continues as a proton transfers from 
the cofactor amine group to G1(O5’) and the P-O bond making/breaking is completed, generating 
the cleaved product state.  In this mechanism, after the initial deprotonation of G40(N1), the self-
cleavage reaction is concerted yet asynchronous. 
 The pKa of G40(N1) is still quite high, as determined experimentally74 and from the present 
calculations.  The even higher pKa of A-1(O2’) calculated herein is most likely due to the 
hydrogen-bonding interaction of A-1(2’OH) with the pro-Rp oxygen, which ties up the proton and 
keeps it from transferring.  Another possibility is that a solvent fluctuation breaks this hydrogen-
bonding interaction, thereby significantly lowering the pKa of A-1(O2’) and producing State B 
directly from State A.  On the basis of our calculated free energies, State B would probably evolve 
to State C2, which is significantly lower in free energy, via proton transfer from G40(N1) to A-
1(O2’).  When A-1(O2’) attacks the phosphorus, the proton would transfer back to G40(N1), as 
observed in the QM/MM free energy simulations.  According to this mechanism, the shift of the 
high pKa of G40(N1) even further from neutrality is important for assisting in deprotonation of A-
1(O2’) during the self-cleavage reaction.  This observation is quite interesting, as nucleobase 
catalysis typically assumes the pKa of the nucleobase should shift toward neutrality; however, this 
is only valid if the nucleobase is a classical general acid-base catalyst. 
A second mechanism that does not require the initial deprotonation of G40(N1) was also 
investigated.  This mechanism was found to be sequential in that a stable phosphorane intermediate 
representing a minimum on the free energy surface was observed.  As in the mechanism activated 
by an external base, the initial state has a hydrogen-bonding interaction between A-1(2’-OH) and 
the nonbridging oxygen.  The proton remains bound to A-1(O2’) because the pKa of A-1(O2’) is 
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much higher than that of the nonbridging oxygen.  As A-1(O2’) attacks the phosphorus to form an 
O-P bond, the pKa of A-1(O2’) is lowered, allowing the proton to transfer from  A-1(O2’) to the 
pro-RP oxygen during formation of the stable monoanionic phosphorane intermediate.  Thus, the 
first step of this sequential mechanism involves proton transfer from A-1(O2’) to the pro-RP 
oxygen and formation of a monoanionic phosphorane intermediate.  The second step involves 
proton transfer from the cofactor to G1(O5’) as well as completion of the P-O bond 
making/breaking.  In this case, the self-cleavage process is sequential because the phosphorane 
intermediate is stabilized by initial proton transfer from A-1(O2’) to the pro-RP oxygen, leading to 
a monoanionic rather than a dianionic phosphorane.   
The rate constant was measured experimentally to be 0.013 ± 0.003 min-1 for 3 mM MgCl2.  
Estimating the preequilibrium constant for the initial deprotonation, the overall effective free 
energy barrier for the mechanism activated by an external base was calculated to be ~23 kcal/mol.  
The calculated rate constant of 0.0066 min-1 is in qualitative agreement with the experimentally 
measured rate constant at low Mg2+ ion concentration.  The overall free energy barrier for the 
second proposed mechanism, which does not require an external base, was calculated to be ~30 
kcal/mol, implying that this mechanism is less favorable than the first mechanism and has a rate 
constant that is significantly lower than the experimentally measured value.  Therefore, the second 
proposed mechanism is determined to be less likely, although it cannot be ruled out completely, 
particularly given the potential role of Mg2+ ions in providing electrostatic stabilization. 
The catalytic role of G40 is of interest for understanding not only the mechanism of glmS 
cleavage, but also the mechanism of cleavage of other small ribozymes.  A counterpart to G40 is 
found in most of the other small ribozymes (G8 in the hairpin,75 G12 in the hammerhead,76,77 G638 
in the VS,78 and G45 in the twister79 ribozyme), with the HDV ribozyme being an exception to this 
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trend.  Future calculations and experiments will be needed to test the generality of our findings 
among the G40-counterpart ribozymes as well as any relationship to the HDV ribozyme.  On the 
basis of classical MD simulations, the analogous guanine, G8, in the hairpin ribozyme was also 
proposed to assist the in-line attack through hydrogen-bonding interactions.80 Because these 
classical MD simulations did not allow chemical bonds to break and form, however, they did not 
provide information about the potential role of this guanine in acid/base chemistry, although earlier 
QM/MM geometry optimizations81 suggested that a deprotonated G8-, together with a protonated 
A38H+, could yield a reasonable activation barrier for self-cleavage for the hairpin ribozyme.  The 
present QM/MM free energy simulations of the glmS ribozyme have provided insights into the 
catalytic role of the active site guanine in this ribozyme using QM/MM methodology that includes 
conformational sampling.  As the role of these active site guanines may be universal, deciphering 
the role of G40 in glmS cleavage may provide insight into the catalytic roles of active site guanines 
in other small ribozymes.   
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Figures and Tables 
 
Figure 2.1. (A) Structure of the glmS ribozyme from Thermoanaerobacter tengcongensis (PDB ID 
2Z75). Chain A, which is an oligomer substrate, is shown in gray, and Chain B, which is a motif from the 
glmS ribozyme RNA, is shown in blue. The active site consists of A-1 (shown in red), G1 (shown in 
black), G40 (shown in green) and the cofactor (shown in orange). The Mg2+ ions in the crystal structure 
are represented by pink spheres. (B) Schematic picture of the active site. For simplification, some parts of 
the residues are not shown. In this mechanism, A-1(O2’) is deprotonated by G40 during the nucleophilic 
attack of the phosphate. 
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Figure 2.2. Definition of the QM region and the reaction coordinates. The QM region, which includes the 
entire GlcN6P cofactor, is shown in red, and the wavy lines indicate the boundaries between the QM and 
MM regions. The reaction coordinates used in the QM/MM free energy simulations are shown in blue.  
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Figure 2.3. Proposed mechanisms for the self-cleavage reaction (A) when an external base activates the 
reaction, denoted ‘cleavage with external base’ and (B) when an external base does not activate the 
reaction, denoted ‘cleavage without external base’.  Red dashed lines indicate hydrogen bonds related to 
the initial proton transfer. The overall reaction evolves from State A to the post-cleavage State P.  When 
the reaction is activated by an external base, the external base deprotonates either A-1(O2’), directly 
producing State B, or G40(N1), producing State C1, which can undergo rearrangement of the O2’ 
hydrogen-bonding interaction to produce State C2, followed by intramolecular proton transfer (IPT) from 
A-1(O2’) to G40(N1) to produce State B.    The reaction proceeds from State B to a dianionic 
phosphorane transition state or intermediate, depending on whether the reaction is concerted or 
sequential, ultimately leading to the post-cleavage product State P.  When the reaction is not activated by 
an external base, intramolecular proton transfer from A-1(O2’) to the pro-Rp oxygen produces State B’, 
which proceeds to a monoanionic phosphorane transition state or intermediate, ultimately leading to the 
post-cleavage product State P’.  State P’ is expected to rapidly evolve to State P because the pKa on a 
cyclic phosphate is very low. 
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Figure 2.4. Key distances and angles along a 25 ns trajectory of States C1/C2. (A) Distance between A-
1(O2’) and G40(N1) is shown in black, and distance between A-1(O2’) and pro-Rp is shown in red.  
Larger distances between A-1(O2’) and G40(N1) indicate State C1 (shaded area), and smaller distances 
between A-1(O2’) and G40(N1) indicate State C2. (B) Hydrogen-bonding angle A-1(O2’):H:G40(N1) is 
shown in black, and hydrogen-bonding angle A-1(O2’):H:G1(O2P) is shown in red. The changes in 
angles are correlated with the changes in distances. (C) Schematic pictures of State C1 and State C2. 
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Figure 2.5. Three possible pathways for ‘cleavage with external base’ subsequent to the deprotonation of 
O2’.  The upper and lower pathways are sequential, and the middle pathway is concerted.  For the 
mechanism that does not require an external base (shown in Figure S8), the pro-Rp oxygen will be 
protonated in all of these structures. 
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Figure 2.6. QM/MM free energy simulation results for ‘cleavage with external base’ (panels A, B, and C) 
and ‘cleavage without external base’ (panels D, E, and F) simulations.  (A) and (D) are 2D free energy 
surfaces projected in the (r5-r4) and (r2-r1) space, corresponding to proton transfer from the cofactor to 
G1(O5’) and P-O bond making/breaking, respectively. The initial string corresponding to a concerted 
pathway is depicted as a dashed black line, and the converged MFEP is depicted as a solid black line.  
Panels (B) and (E) are 1D free energy profiles along the MFEPs shown in panels (A) and (D), 
respectively.  Panels (C) and (F) depict the values of the most important reaction coordinates along the 
MFEPs.  Each symbol corresponds to an image along the string, and the images have been rearranged to 
be equally spaced along the MFEP.   Numbers in panels (B) and (E) indicate important states along the 
reaction pathway, which are illustrated in Figure 2.7. 
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Figure 2.7 
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Figure 2.7 (cont.) 
Figure 2.7.  Representative structures along the MFEPs obtained from the QM/MM free energy 
simulations.  The structures are numbered according to the locations along the MFEPs shown in Figures 
2.6B and 2.6E for the ‘cleavage with external base’ and ‘cleavage without external base’ simulations, 
respectively.  The steps for ‘cleavage with external base’ are as follows: (1) to (2) corresponds to PT from 
A-1(O2’) to G40(N1) accompanied by a decrease in the P-O2’ distance; (2) to (3) corresponds to the 
formation of a dianionic phosphorane transition state; (3) to (4) corresponds to PT from the cofactor N to 
G1(O5’).  The mechanism associated with (1) to (4) is concerted yet asynchronous. The initial 
deprotonation of G40 is not shown here but is assumed to precede the concerted reaction shown here.   
The steps for ‘cleavage without external base’ are as follows: (1) to (2) corresponds to PT from A-1(O2’) 
to the  pro-Rp oxygen; (2) to (3) corresponds to the formation of a monoanionic phosphorane 
intermediate; (3) to (4) corresponds to PT from the cofactor N to G1(O5’).  This mechanism is sequential, 
where the first step is the concerted yet asynchronous process (1) to (3), producing a stable monoanionic 
phosphorane intermediate and the second step is (3) to (4). Note that these structures do not represent 
stationary points but rather represent selected structures along the MFEP.  
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Figure 2.8. Plot of fraction cleaved versus time for experiments.  (A) 3 mM Mg2+ conditions. Average 
rate constant of 0.013 ± 0.003 min-1.  (B) 30 mM Mg2+ conditions.  Average rate constant of 110 ± 10 
min-1.  For each Mg2+ condition, three trials were performed and data points were averaged, yielding an 
average rate constant.  
A B 
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Table 2.1. Average Hydrogen Bonding Distances (Å) in Different Protonation States from Classical MD 
Simulationsa  
State A-1(O2’)-G40(N1) A-1(O2’)-G1(O2P) GlcN6P(N2)-G1(O5’) 
A 3.20 (0.28) 3.20 (0.21) 2.95 (0.20) 
C1b 4.16 (0.36) 3.33 (0.24) 3.09 (0.53) 
C2c 2.88 (0.11) 4.56 (0.28) 3.09 (0.53) 
B 2.93 (0.19) 4.45 (0.22) 3.52 (0.49) 
Crystald N/A N/A 3.06 
 
a States A, B, C1, and C2 are defined in Figure 3.  Standard deviations are given in parentheses. 
b Configurations where A-1(O2’) forms a hydrogen bond with the pro-RP oxygen on the scissile 
phosphate.  
c Configurations where A-1(O2’) forms a hydrogen bond with G40(N1). 
d The crystal structure used herein (Ref. 11) does not contain A-1(O2’). 
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Table 2.2. Key Distances (Å) in Structures Optimized with QM/MM Methoda  
States r1 r2 r3 r4 r5 r6 r7 r8 r9 
C2 3.00 1.69 4.67 1.90 1.04 2.93 1.00 1.90 2.88 
B 2.97 1.70 4.65 1.87 1.04 2.90 1.45 1.15 2.60 
Int 1.94 1.88 3.80 1.62 1.08 2.70 1.98 1.00 3.01 
P 1.69 3.04 4.70 1.01 1.71 2.71 2.98 1.03 3.89 
Crystal N/A 1.60 N/A N/A N/A 3.06 N/A N/A 3.65 
 
a Reaction coordinates r1 to r9 are defined in Figure 2. The two pre-cleavage states, C2 and B, the 
dianionic phosphorane intermediate state, Int, and the post-cleavage state, P, are depicted in Figure 3.  
The crystal structure used herein (Ref. 11) does not contain A-1(O2’). 
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Table 2.3. pKa Values from PB/LRA Calculations with εenv=4a 
System Calculated Experimental 
ApG (A(O2’)) 13.3 (0.7) 12.31±0.02c 
G40 (State A to C1/C2)b 
 C1/C2) C1/C1/C2) 
12.8 (1.6) ~10.2d 
A-1 (State A to B) 19.6 (0.8) N/A 
 
a The numbers in parentheses are standard deviations. The calculated value for ApG corresponds to 1 M 
NaCl, and the calculated values for G40 and A-1 correspond to 150 mM NaCl. 
bThe pKa of G40 is a weighted average of the value obtained from MD configurations in State C1, 13.0 
(1.6), and State C2, 11.6 (1.5). 
c Experimental data from Ref. 70. The experimental pKa for ApG (deprotonation of O2’ of A) was 
measured in 1 M NaCl.  
d Obtained by extrapolation of data in Ref. 19. Note that this value could be shifted upward to at least 
~10.5 based on the possibility that the titration may be leveling off due to alkaline denaturation. 
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CHAPTER 3: GLCN6P COFACTOR SERVES MULTIPLE CATALYTIC 
ROLES IN THE GLMS RIBOZYME1 
 
Abstract 
RNA enzymes have remarkably diverse biological roles and likely contributed to the emergence 
of life but they have limited chemical diversity.  Protein enzymes enhance their reactivity 
through recruitment of cofactors. The naturally occurring glmS ribozyme uses the glucosamine-
6-phosphate (GlcN6P) organic cofactor for phosphodiester bond cleavage. Prior structural and 
biochemical studies implicated GlcN6P as the general acid. Here we describe new catalytic roles 
for GlcN6P through experiments and calculations. Large stereospecific normal thio effects and 
lack of metal ion rescue in the holoribozyme show that nucleobases and the cofactor play direct 
chemical roles and align the active site for self-cleavage. Large stereospecific inverse thio effects 
in the aporibozyme suggest that the GlcN6P cofactor disrupts an inhibitory interaction of the 
nucleophile. Strong metal ion rescue in the aporibozyme reveals this cofactor also provides 
electrostatic stabilization.  Ribozyme organic cofactors thus perform myriad catalytic roles, 
allowing RNA to compensate for its limited functional diversity.  
 
 
 
 
 
1 This chapter in its entirety was submitted as the following journal article: Bingaman, J. L.; Zhang, 
S.; Stevens, D.R.; Yennawar, N.H.; Hammes-Schiffer, S.; Bevilacqua, P.C. Nat. Chem. Biol. 2016. 
Bingaman performed the experiments. Zhang and Stevens did the computational work.  
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Introduction 
Enzymes catalyze diverse chemical reactions and utilize a variety of strategies to do so. Chief 
amongst these are general acid-base catalysis to facilitate proton transfer and electrostatic 
catalysis to stabilize charge build-up1. Protein enzymes frequently recruit exogenous species 
such as metal ions and small molecule cofactors to aid in chemical catalysis.  RNA enzymes, or 
ribozymes, also recruit cofactors to aid in catalysis. For instance, the group I intron uses 
exogenous guanosine as the nucleophile in its self-excising mechanism2. Because it has only four 
similar nucleobases, RNA is much less chemically diverse than proteins.  It is thus of keen 
interest to understand the diversity of catalytic roles cofactors might play in RNA. 
Herein we study the mechanism of the glmS ribozyme. This ribozyme, which uses G33 as 
the general base, is comprised of four large pairings and is double pseudoknotted (Fig. 3.1). It 
recruits glucosamine-6-phosphate (GlcN6P) as a cofactor that has been shown to act as the 
general acid in the self-cleavage mechanism3-6. The work presented here focuses on identifying 
and understanding the multiplicity of catalytic roles that the GlcN6P cofactor serves within the 
glmS ribozyme. We examine the reaction in the presence of the GlcN6P cofactor (holoribozyme) 
and measure thio effects and metal ion rescue to investigate the contributions of metal ions to the 
reaction in a stereospecific way. In an effort to understand additional roles the cofactor might be 
playing, we also study the aporibozyme that lacks the GlcN6P cofactor, again measuring thio 
effects and metal ion rescue. Calculations performed in the presence and absence of GlcN6P 
provide molecular level insight into the experimental observations.  
Through these combined experimental and computational studies, we identify four roles 
for the GlcN6P cofactor within the glmS ribozyme:  protonation of the 5’O leaving group, 
alignment of the active site, positioning of the 2’O nucleophile, and charge stabilization of the 
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non-bridging oxygen atoms during the reaction. These findings illustrate new ways in which 
RNA enzymes can perform chemical catalysis.  Our results suggest that cofactors or nucleobases 
could play similar roles in other RNA enzymes, both in modern biology as well as in the RNA 
world. 
 
Results 
 
Optimization of ribozyme constructs for mechanistic studies 
RNA enzymes are prone to misfolding7.  In an effort to attain a homogeneous natively folded 
ribozyme population, we tested various ribozyme preparations and renaturation protocols. 
Ideally, kinetic profiles should be monophasic, fast, and go to completion—behavior that 
simplifies mechanistic interpretation of the data8,9. We pursued various purification and 
renaturation protocols of the ribozyme and characterized these by kinetic profiles and small 
angle X-ray scattering (SAXS) (results in the Appendix B).  We identified an optimal 
preparation of ribozyme that reacts in a monophasic, fast (kobs = 80 min-1), and complete (90%) 
fashion according to equations (1) and (2) (Fig. B.1); has saturating concentrations of enzyme, 
GlcN6P cofactor, and Mg2+ (Fig. B.2); and is monomeric and natively folded according to SAXS 
Rg, MW, and Dmax values, as well as SAXS profile overlays with the crystal structure (Fig. 3.1c, 
Table B.1, and Fig. B.3).   As described below, this optimized ribozyme was subjected to 
detailed kinetic analyses to assess contributions that the GlcN6P cofactor makes to catalysis. 
 
Large normal thio effects revealed for the holoribozyme 
Effects of sulfur substitution at the non-bridging oxygen atoms of the scissile phosphate were 
previously reported under slow-reacting conditions for the glmS ribozyme10. In that work, the RP 
and SP thio diastereomers were left as a mixture, and a ~3-fold thio effect was observed in 10 
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mM Mg2+.  We note that these rates were ~100-fold slower than those herein.  Additionally, 
rescue of the thio effect was tested in Mn2+, which was found to not rescue10, but not in Cd2+ 
which is a more thiophilic metal ion11.  
We probed the effect of sulfur substitution at each of the non-bridging oxygen atoms 
independently using our fast-reacting glmS construct.  The RP and SP thio diastereomers were 
separated by HPLC and confirmed using mass spectrometry (Fig. B.4).  Rate constants were 
determined for the oxo, RP thio, SP thio, and dithio substrates, using rapid-quench and hand-
mixing kinetics as appropriate, and used to calculate thio effects. Kinetic parameters are 
provided in Table B.2.  For the holoribozyme, in 10 mM Mg2+, the RP and SP thio substrates 
react with rate constants of 0.40 ± 0.05 min-1 and 5 ± 1 min-1, respectively, while the oxo 
substrate reacts with a rate constant of 80 ± 20 min-1 (Fig. 3.2a). Thus, both the RP and SP thio 
substrates react significantly slower than the oxo substrate, giving thio effects of 200 and 15, 
respectively, in 10 mM Mg2+.  These effects are much larger than 3-fold thio effects previously 
reported10.  This may be because the constructs used herein are fast reacting and so report the 
chemical step of the reaction.   
A dithio substrate with sulfur substitution at both of the non-bridging oxygen was also 
tested for reactivity.  This substrate reacts very slowly with a rate constant of 0.009 ± 0.001 min-1 
but still with an amplitude of 75% indicating that most of this substrate is involved in a 
productive reaction channel.  The thio effect for the dithio substrate is ~9,000-fold, which is ~3-
fold of the product of the RP and SP thio substrate thio effects, indicating that the effects of sulfur 
substitutions are approximately additive.  A large thio effect for the dithio substrate emphasizes 
the important roles non-bridging oxygen atoms play during the chemical step of self-cleavage. 
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High concentrations of monovalent ions support glmS ribozyme cleavage activity10. 
Stereospecific thio effects under these conditions can test whether the mechanism is similar to 
that in the presence of divalent metal ions. The RP thio, SP thio, and dithio substrates were thus 
subjected to reaction in 3 M K+, conducted in the presence of 100 mM EDTA to chelate any 
contaminating divalent metal ions12,13. These experiments revealed large normal thio effects, 
similar in magnitude to those in 10 mM Mg2+ (compare Fig. 3.2a and 3.2b).  The thio effects for 
the RP thio, SP thio, and dithio substrates are 340, 270, and 410, respectively (Table B.2).  We 
note that the amplitudes for the RP thio and dithio substrates are diminished but measureable 
under these conditions.  The data can be considered semi-quantitatively as well, examining the 
extent of reaction at a fixed point in time.  Reactivity follows the order oxo>SP thio>RP 
thio>dithio for 10 mM Mg2+ and 3M K+/100 mM EDTA conditions.  The matching nature of 
these trends suggests that divalent cations do not play a direct role in catalysis of holoribozyme 
self-cleavage. To test this notion directly, we carried out metal ion rescue experiments. 
 
Metal ion rescue is not observed for the holoribozyme 
As described, all thio substrates show large, normal thio effects in the holoribozyme. One 
possible explanation is inner-sphere interaction of a metal ion with a non-bridging oxygen 
atom14. Prior studies investigated metal ion rescue but, as described above, were conducted on a 
mixture of thio substrates in which chemistry was not fully rate-limiting, and the most thiophilic 
metal ion, Cd2+, was not tested10. We conducted kinetics in the presence of various levels of Cd2+ 
in a background of 10 mM Mg2+ and 10 mM GlcN6P (Table B.2). For the RP and SP thio 
substrates at all concentrations of Cd2+ tested, the magnitude of kO/kS in the presence of Cd2+ is 
approximately the same as that in the presence of 10 mM Mg2+ alone, giving rise to a metal ion 
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rescue of unity, i.e. no rescue (Fig. 3.2c). For instance, at the highest Cd2+ concentration tested (2 
mM), the RP and SP thio substrates exhibit kO/kS values of 170 and 18, respectively, while in just 
10 mM Mg2+ these substrates gave similar values of 150 and 15, respectively (Table 3.2).  Lack 
of metal ion rescue directly supports absence of a metal ion at the active site of the 
holoribozyme, consistent with above observation that thio effects are similar in 10 mM Mg2+ and 
3 M K+ for all three substrates. 
We also tested metal ion rescue with the dithio substrate in the background of 10 mM 
Mg2+.  For this substrate, we found that kO/kS decreases from 9,000 in 0 mM Cd2+ to 13 in 2 mM 
Cd2+, significant metal ion rescue with this substrate. Given that no metal ion rescue occurs with 
either of the singly-substituted thio substrates, metal ion presence in the dithio substrate is likely 
a result of hydrogen bonding disruption at the active site (see aporibozyme Results below).  We 
note that rescue for the dithioate substrate does not saturate at high concentrations of Cd2+ (Fig. 
3.2c). 
 
Large normal thio effects are supported by simulations  
The previous sections revealed large, normal thio effects in the holoenzyme and showed that 
they were not due to the participation of divalent metal ions.  We turned to calculations to gain 
insight into the origin of these effects.  Three independent 50 ns classical molecular dynamics 
(MD) trajectories were propagated starting from different initial configurations (Table B.3). In 
one trajectory, GlcN6P(O1) (93%), G57(N2) (52%), and A–1(O2’) (21%) compete to form a 
bifurcated hydrogen bond with the pro-RP oxygen. (Percentages of configurations where the pro-
RP oxygen exhibits hydrogen bonds with these moieties are provided in parentheses; see Fig. 
3.1b for hydrogen bonding interactions.) In 77% of the configurations for this same trajectory, 
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the A–1(O2’) hydrogen bonds to the general base G33(N1). For the other two independent 
trajectories with different initial configurations, alternative hydrogen-bonding patterns are 
observed.  In one of these trajectories, the pro-RP oxygen is hydrogen bonded to A–1(O2’) and 
GlcN6P(O1) during the entire trajectory, while in the other trajectory, the pro-RP oxygen is 
hydrogen bonded to the N1 and N2 of G57 during the entire trajectory.  Given the dependence of 
the hydrogen-bonding patterns on the initial configuration, it is likely that the pro-RP oxygen 
could accept hydrogen bonds from any two of these hydrogen bond donors at a given time and 
that the hydrogen-bonding pattern changes due to thermal fluctuations.  Notably, the hydrogen-
bonding interactions between the pro-RP oxygen and the cofactor or G57 weaken the observed 
hydrogen bond between A–1(O2’) and the pro–RP oxygen.  
We next examined the effect of substituting sulfur at the pro-RP oxygen.  Quantum 
mechanical/molecular mechanical (QM/MM) geometry optimization of two different 
configurations, in which the pro-RP oxygen is hydrogen bonded to both G57(N2) and 
GlcN6P(O1) or to both A–1(O2’) and GlcN6P(O1), indicated a lengthening of these hydrogen 
bonds when the pro–RP oxygen is substituted by sulfur (Table B.4). For instance, the hydrogen 
bonds increase from 2.80 and 2.63 Å to 2.97 and 2.94 Å, and from 2.85 and 2.69 Å to 3.23 and 
3.22 Å, respectively.  As a result, the cofactor is less effective in aligning the active site and in 
stabilizing the developing negative charge on the non–bridging oxygen atoms during the self–
cleavage reaction. This reduction in stabilization is consistent with the experimentally observed 
normal thio effect at the pro–RP oxygen, in which the rate constant decreases severely upon 
sulfur substitution.  
A similar analysis was performed for the hydrogen-bonding interactions involving the 
pro-SP oxygen.  The pro–SP oxygen forms hydrogen bonds with G32(N1) and sometimes 
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G32(N2) during the three classical MD trajectories. QM/MM geometry optimizations were used 
to examine the thio effect at the pro-SP position and revealed that thio substitution at the pro-SP 
oxygen lengthens the hydrogen-bonding distance to G32(N1) (Table B.4).  The hydrogen-
bonding interaction between the pro-SP oxygen and G32 helps align the active site and provides 
stabilization for the developing negative charge on the non–bridging oxygen atoms during the 
self-cleavage reaction.  Thus, weakening of this hydrogen bond upon sulfur substitution is 
consistent with the experimentally observed normal thio effect at the pro-SP position. 
 
Large inverse thio effect revealed for RP thio substrate in the aporibozyme 
Given the large normal thio effects found for the holoribozyme, some of which arose from the 
GlcN6P cofactor, we reasoned that the cofactor might perform diverse catalytic roles in the 
reaction. In order to test this idea, we performed thio effect and metal ion rescue studies in the 
absence of the cofactor. Previous crystallographic studies suggest that the ribozyme structure is 
pre-formed prior to GlcN6P binding, indicating that the cofactor is not an allosteric cofactor 
(Table B.3)15. This is supported by our SAXS experiments comparing holo and aporibozymes 
(Fig. B.3).  
Removing the cofactor reduces rate constants of self-cleavage for all substrates (Table 
B.5). However, in the presence of 10 mM Mg2+ and the absence of GlcN6P, the RP thio substrate 
cleaves with a much faster rate constant than the oxo substrate, giving rise to a large inverse thio 
effect of ~30 (Fig. 3.3a). In other words, having sulfur at the pro-RP position of the scissile 
phosphate facilitates ribozyme self-cleavage.  Additionally, its occurrence exclusively in the 
aporibozyme suggests that in the holoribozyme, GlcN6P may perform a related beneficial role 
(see Discussion).  In contrast to the RP thio substrate, the SP thio substrate is essentially as 
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unreactive as the oxo substrate in 10 mM Mg2+ and the absence of GlcN6P, while the dithio 
substrate shows a slight inverse thio effect (see Fig. 3.3a).   
According to the MD simulations described above, GlcN6P(O1) donates a hydrogen 
bond to the pro-RP oxygen of the scissile phosphate 93% of the time in one of the trajectories. 
Thus, GlcN6P, when present, can weaken the hydrogen-bonding interaction between the A–
1(O2’) nucleophile and the pro–Rp oxygen. By liberating the A–1(O2’), the cofactor allows the 
general base G33(N1) to deprotonate the nucleophile and promotes the nucleophilic attack of A-
1(O2’) on the scissile phosphate.  Simulations on the aporibozyme further support this model 
(see below). 
 
Metal ion rescue is observed for the aporibozyme 
In the holoribozyme, normal thio effects were found for all three thio substrates, and these were 
not rescuable by Cd2+. We tested for divalent metal ion binding in the aporibozyme through the 
addition of Cd2+ in a background of 10 mM Mg2+. In contrast to the holoribozyme, strong metal 
ion rescue is observed for the aporibozyme.  In 2 mM Cd2+, self-cleavage activity is rescued for 
the SP thio and dithio substrates (metal ion rescues of at least 60 and 12, respectively) and is 
enhanced for the RP thio substrate (metal ion rescue of 30), whereas self-cleavage activity of the 
oxo substrate remains relatively unchanged (Fig. 3.3b). Thus, a metal ion interacts with the 
scissile phosphate in the aporibozyme.   
In order to quantitate rescue and test for saturation, we next plotted the data as inverse 
thio effect versus Cd2+ concentration, as previously described11.  The inverse thio effect is 
relatively independent of Cd2+ concentration up to ~1 m M Cd2+ given the errors in the values, 
consistent with absence of significant Cd2+ binding over this concentration range.  The metal ion 
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rescue is apparent at higher Cd2+ concentrations, although it does not saturate for any of the thio 
substrates (Fig. 3.3c).  This lack of saturation is not surprising, as the metal ion binding site is 
not an evolved site; moreover, similar plots for the group I intron, which binds three metal ions, 
did not reveal saturation of the rescuing metal ion either, even with dithioates11.  The data fit well 
to equation (5) in which the RP and SP thio substrates give Hill coefficients of 0.5 and 0.4, 
respectively, and the dithio substrate gives a Hill coefficient of 0.9 (see Discussion).   
 
Inverse thio effect for RP thio substrate in aporibozyme is diminished at high Mg2+ 
concentrations  
The large inverse thio effect observed for the RP thio substrate in the aporibozyme supports a 
model in which the A–1(O2’) is sequestered in hydrogen bonding with the pro-RP oxygen of the 
scissile phosphate for some fraction of time, while the metal ion rescue seen in the aporibozyme 
supports a metal ion binding at the scissile phosphate.  We reasoned that at high concentrations, 
Mg2+ ions may bind at the scissile phosphate and in so doing compete with and liberate the A–
1(O2’).  To test this idea, we measured the thio effect for the RP thio substrate in the 
aporibozyme as a function of Mg2+ concentration.   Increasing the concentration of Mg2+ from 1 
to 50 mM resulted in increase in reactivity of both the RP thio and oxo substrates, with a larger 
increase for the oxo substrate (Fig. 3.4a).  The inverse thio effect thus trended downward with 
increasing Mg2+ concentration (Fig. 3.4b).  In particular, inverse thio effects of 50 and 17 were 
observed at Mg2+ concentrations of 1 and 50 mM, corresponding to an ~3-fold decrease in 
inverse thio effect. The increase in the oxo substrate rate with increasing Mg2+ concentration 
suggests that a divalent metal ion can provide a similar beneficial effect as a sulfur substitution at 
the pro-RP oxygen.   
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Metal ion interactions and inverse thio effects in the aporibozyme are supported by 
simulations 
The previous section revealed metal ion rescue for the thio substrates in the aporibozyme.  In an 
effort to understand these effects, we performed classical and QM/MM calculations for the 
aporibozyme with a Mg2+ ion introduced at the cleavage site.  We first investigated the 
coordination of Mg2+ to non-bridging oxygen atoms at the scissile phosphate and compared this 
to the experimental results of the last section where Mg2+ diminishes the inverse thio effect.  We 
then calculated the effects of thio substitutions at these oxygen atoms and compared these to our 
observed inverse thio effect.  
In classical free energy simulations probing the positioning of a Mg2+ ion at the scissile 
phosphate, the Mg2+ ion was found to be thermodynamically favored near the pro-RP oxygen 
(Figure B.6, Table B.6).  As such, we describe here only effects and substitutions at the pro-RP 
position (Fig. 3.5 and Table B.6; effects at the pro-SP position can be found in Fig. 3.5 and 
Table B.6).  When the Mg2+ ion is near the pro-RP oxygen, it disrupts or weakens the hydrogen 
bond between the pro-RP oxygen and the A–1(O2’), according to the results of classical MD 
simulations, QM/MM geometry optimizations, and QM/MM MD simulations. As discussed 
below, the inverse thio effect is explained in terms of the sulfur substitution disrupting this 
inhibitory hydrogen bond.  The observation that the Mg2+ ion can also disrupt this hydrogen 
bond is consistent with the diminished inverse thio effect in high Mg2+ concentration (Fig. 3.4b).   
We repeated the QM/MM geometry optimizations for the two monothio substrates, 
starting from a geometry in which the hydrogen bond between the pro-RP oxygen and the A–
1(O2’) is weakened but not disrupted.  Thio substitution at the pro-RP position disrupts this 
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inhibitory hydrogen bond by decreasing the A-1(O2’):H:RP angle from 144° in the oxo substrate 
to 67.9° in the pro-RP substrate (Fig. 3.5b), although the distance between A-1(O2’) and the pro-
RP oxygen remains similar (Table B.6). This disruption is consistent with the observed inverse 
thio effect.  
To further examine the interaction between the pro-RP oxygen, the active site Mg2+ ion, 
and A-1(O2’), we propagated a 1 ps QM/MM MD trajectory for the oxo substrate with the Mg2+ 
ion near the pro-RP oxygen. In this trajectory, the Mg2+ ion remained closer to the pro-RP 
oxygen, and the weak hydrogen bond between A-1(O2’) and the pro-RP oxygen was retained. As 
mentioned above, however, thio substitution at the pro-RP position completely disrupts this 
inhibitory hydrogen bond, thereby explaining the inverse thio effect. Moreover, at high Mg2+ 
concentration, the Mg2+ ion can also partially disrupt this inhibitory hydrogen bond as revealed 
by the 3-fold diminished inverse thio effect. 
 
Discussion 
Ribozymes typically use two main species in catalysis, metal ions and nucleobases.  
Structural and mechanistic studies first elucidated roles for metal ions in ribozymes16,17.  More 
recently, nucleobases were shown to play key roles in the mechanisms of small ribozymes18.  In 
our present study, we investigated the catalytic contributions of a small organic cofactor, which 
is a third species that ribozymes can use in catalysis. We presented a combination of experiments 
and calculations which support the premise that the GlcN6P cofactor plays multiple catalytic 
roles in the holoribozyme; as summarized in Fig. 3.6, these are (1) donation of a proton to the 
leaving group as the general acid, (2) alignment of the active site, (3) stabilization of charge 
development during the reaction, and (4) disruption or weakening of an inhibitory hydrogen 
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bond involving the nucleophile. The first role was previously established by structural and 
mechanistic studies3-5, whereas the other three roles are established in the present study. 
In this work, we present data for the glmS holoribozyme revealing that thio effects for the 
SP and especially RP thio substrates are large at 15 and 200, respectively.  Previous studies 
reported thio effects of only ~3 but were under conditions where the observed rate constant was 
~100-fold slower10.  The large thio effects observed herein strongly support chemistry as rate 
limiting in our experiments. Calculations suggest that thio effects in the holoribozyme arise from 
weakening of the many hydrogen-bonding interactions of the non-bridging oxygen atoms at the 
scissile phosphate upon substitutions of sulfur.  Weakening of these hydrogen bonds reduces 
stabilization of the developing negative charge on the non-bridging oxygen atoms during self-
cleavage.  The larger effect for the RP thio substrate may occur because this phosphate oxygen 
hydrogen bonds to the cofactor, and sulfur substitution could misalign the cofactor in the active 
site.  Such “approximation” effects are key to enzyme function19; given that the cofactor has 
multiple roles in catalysis, such perturbations are expected to be especially penalizing.  Our 
studies further reveal that the large thio effects are also present in 3 M K+/100 mM EDTA and 
are not rescued by Cd2+, indicating that the holoribozyme operates without the participation of 
divalent metal ions in the active site.  Apparently, hydrogen-bonding interactions involving 
nucleobases and the cofactor stabilize charge development in the holoribozyme. 
 Experiments on the aporibozyme revealed a surprising inverse thio effect of 30, 
stereospecific for the RP thio substrate.  We provided a model, which was supported by classical 
MD and QM/MM calculations, wherein this sulfur substitution disrupts an inhibitory A-1(O2’) 
to pro-RP oxygen hydrogen-bonding interaction. Given the ability of any hydroxyl group to 
engage in three hydrogen bonding interactions, prevention of spurious 2’-hydroxyl hydrogen 
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bonding may be an underappreciated strategy of ribozymes for activating the nucleophile.  
Indeed, inverse thio effects at a non-bridging oxygen were also reported in the HDV ribozyme in 
monovalent ions and had a similar mechanistic origin20. Disruption of this inhibitory interaction, 
revealed by a normal thio effect at the pro-RP position, is naturally achieved with the oxo 
substrate in the holoribozyme by GlcN6P, where our calculations reveal that a GlcN6P(O1)-pro-
RP hydrogen-bonding interaction acts to help prevent or weaken the inhibitory A–1(O2’) to pro-
RP oxygen interaction. Aporibozyme experiments where the concentration of Mg2+ is varied 
show a diminishing inverse thio effect for the RP thio substrate at high Mg2+ concentrations due 
in large part to increase in the rate of the oxo substrate, suggesting that Mg2+ can act similarly to 
both GlcN6P in the holoribozyme and the RP sulfur in the aporibozyme to break the inhibitory 
A–1(O2’) to pro-RP oxygen interaction20.  Metal ion rescue experiments in the aporibozyme 
show rescue by Cd2+ for all three thio substrates, indicating the presence of a metal ion at the 
active site of the aporibozyme. Hill coefficients of 0.5, 0.4, and 0.9 were found for the RP, SP, 
and dithio substrates, respectively. These values are consistent with partial and full occupancy by 
a single divalent ion for the monothio and dithio substrates, respectively. 
This leads to a model where a divalent metal ion substitutes for the missing GlcN6P 
cofactor in the aporibozyme and fulfills roles that GlcN6P performs when it is present. These 
roles include alignment of the active site and charge stabilization of the non-bridging oxygen 
atoms during self-cleavage, where the cofactor, or a metal ion in its absence, acts as a positively 
charged/hydrogen bonding oxyanion hole, similar to one that would be found in a protein 
enzyme21.  We previously presented evidence for the amine group of GlcN6P aiding in charge 
stabilization22 consistent with this notion.  A recent study used in vitro selection to identify a 
GlcN6P-independent glmS ribozyme23.  This selected ribozyme, which had three key nucleotide 
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changes, requires multiple divalent metal ions for activity. Its cleavage mechanism is likely 
different from that of the wild-type aporibozyme studied herein, however, because 
phosphorothioate effects in the selected ribozyme were found at positions away from the scissile 
phosphate.   
The glmS holoribozyme operates using exclusively nucleobases and a cofactor at the 
active site, while the wild-type aporibozyme uses a metal ion to carry out catalytic roles 
performed by the cofactor.  It thus appears that an organic cofactor can assume the role of an 
inorganic metal ion cofactor in the active site of a ribozyme.  Metal ions are ubiquitous in cells 
and in the active sites of many large and small ribozymes.  Thus, one way specificity might 
evolve in a ribozyme is through substitution of metal ions with an organic cofactor that binds 
specifically and participates in chemistry. Given the plethora of protein enzymes that use organic 
cofactors in their reactions, it is plausible that RNA enzymes could use these organic cofactors, 
several of which derive from adenosine, to do many of the same reactions.  Indeed, in vitro 
selections have identified several RNA and DNA enzymes that use diverse organic cofactors in 
their mechanisms24-26.  The ability of the glmS ribozyme to position a small molecule cofactor to 
partake in multiple catalytic roles reveals deeper insight into the versatility of catalytic RNA.  
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Methods 
Chemicals 
D-glucosamine 6-phosphate (GlcN6P; ≥98%) was purchased from Sigma-Aldrich. A 100 mM 
stock was prepared and brought to pH 7.0 with a small amount of ~5 M sodium hydroxide. The 
pH was checked periodically by spotting a small volume on pH paper.  Cadmium chloride 
(CdCl2; ≥99.0%) was purchased from Sigma-Aldrich; a 100 mM stock was prepared and 
buffered with 10 mM sodium HEPES (pH 7.0) to prevent precipitation as Cd(OH)2.  Heparin 
(sodium salt) from porcine (molecular weight of ~3000) was purchased from MP Biomedicals, 
LLC and a 5 mM stock solution was prepared (pH ~6.0). All stock solutions were filter sterilized 
through a 0.2 m  filter prior to use in experiments. 
 
RNA oligonucleotides and constructs 
The RNA was prepared as a two-piece construct. The shorter strand, the –3/16 substrate strand, 
has the sequence 5’- GAA* GCG CCA GAA CUA CAC C, where the asterisk denotes the 
scissile phosphate and also, therefore, the location of the thio substitutions for the RP thio, SP 
thio, or dithio substrates. The oxo, RP thio, and SP thio substrates were purchased from either IDT 
or Dharmacon. The RP and SP thio substrates were synthesized on the solid-phase as a mixture of 
the two diastereomers and were separated using C18 reversed-phase high-performance liquid 
chromatography (on a Waters ACQUITY Arc instrument). Following a 10 min column 
equilibration step, a linear gradient from ~3.9 to ~6.2% acetonitrile over 30 min in a constant 
background of 0.1 M ammonium acetate was used for separation. Identities of the stereoisomers 
were confirmed by digestion with snake venom phosphodiesterase and nuclease P1, and the RP 
thio isomer was found to elute before the SP thio isomer, as is typical. After ethanol precipitation, 
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the baseline-separated RP and SP thio stereoisomers were re-injected onto the HPLC to confirm 
their purity. These substrates were re-injected into the HPLC periodically to ensure both purity 
and absence of desulfurization. The dithio substrate was prepared using automated, solid-phase 
phosphorothioamidite chemical synthesis by AM Biotechnologies, LLC. Purities of the oxo and 
dithio substrates were also assessed using the HPLC gradient above and gave single peaks as 
expected. Retention times for the oxo, RP thio, SP thio, and dithio substrates were ~24, 24, 29, 
and 26.5 min, respectively. Absence of oxo substrate in the RP thio substrate, which had the same 
retention time despite trying multiple elution conditions, was ascertained by absence of a burst 
phase in the holoribozyme after obtaining new RP thio substrate or re-purification of existing RP 
thio substrate. The purified substrate strands were radiolabeled on their 5’-ends using T4 
polynucleotide kinase (New England Biolabs) and [γ-32P]ATP. 
 The enzyme strand was prepared by T7 transcription under standard conditions (100 
ng/µL DNA template; 20 mM Tris-HCl, pH 8.0; 25 mM MgCl2; 2 mM DTT, 1 mM spermidine; 
and 4 mM each ATP, CTP, GTP, and UTP) using a double-stranded template, which was 
prepared as follows. A plasmid containing the full 169 nt ribozyme, obtained as a gift from 
Professor Michael Been at Duke University Medical Center, was transformed into competent 
DH5α E. coli cells and amplified, and the sequence was confirmed with dideoxy sequencing. The 
plasmid served as a template for PCR reactions to produce the double-stranded glmS enzyme 
strand DNA template used for transcriptions. A top strand (forward) primer of the sequence 5’ 
GCT AAT ACG ACT CAC TAT AGG TGT AGT TGA CGA GGT GGG GT, which contains 
the T7 promoter sequence, and a bottom strand (reverse) primer of the sequence 5’ TCT CTC 
ATC ACA CTT TCA CCT TTG were used to amplify the portion of the plasmid corresponding 
to the 18/145 glmS enzyme strand. Transcriptions using an annealed aliquot of this PCR product 
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afforded the 128 nt enzyme strand of the ribozyme with the sequence 5’ GGU GUA GUU GAC 
GAG GUG GGG UUU AUC GAG AUU UCG GCG GAU GAC UCC CGG UUG UUC AUC 
ACA ACC GCA AGC UUU UAC UUA AAU CAU UAA GGU GAC UUA GUG GAC AAA 
GGU GAA AGU GUG AUG AGA GA. Following transcription, the enzyme strand was purified 
on a 6% denaturing PAGE gel and the appropriate band was visualized by UV shadowing, 
excised, and eluted overnight at 4°C into 10 mM HEPES (pH 7.0), 1 mM EDTA, and 250 mM 
NaCl.  The extracted RNA was precipitated with three volumes of ethanol and re-suspended in 
sterile water. All RNA samples were stored at -80°C. 
 
Ribozyme kinetic assays and data analysis 
Unless otherwise noted, typical self-cleavage reactions contained 0.25 nM radiolabeled substrate 
and enzyme at a saturating concentration of 100 nM. For all experiments, the enzyme and 
substrate RNA were brought to 1/20 the total reaction volume in a final concentration of 10 mM 
HEPES (pH 6.0) and 100 mM K+ prior to renaturation as described below. 
Experiments in the presence of GlcN6P contained 50 mM HEPES (pH 7.0), 10 mM 
GlcN6P, and either 10 mM Mg2+/50 mM Na+ or 3 M K+/100 mM EDTA. For the metal ion 
rescue experiments, various concentrations of Cd2+ were added in the background of 10 mM 
Mg2+, which was used to keep the ribozyme folded. For these holoribozyme reactions, the RNA 
stock was heated at 95°C for 3 min and snap-cooled on ice for 10 min. The RNA stock was then 
combined with the rest of the reaction mixture excluding GlcN6P, heated at 55°C for 3 min, and 
cooled at room temperature for 10 min to afford optimal reacting ribozyme (standard 
holoribozyme renaturation). For reactions where time points were collected by hand, a zero time 
point was taken from this mixture and 90 µL of the mixture was added to 10 m L of a 100 mM 
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GlcN6P stock, done in this order to afford good mixing. For reactions that proceeded too fast to 
be monitored by hand (> ~2 min-1), rapid mixing experiments were performed using a Kintek 
RQF-3 Rapid Quench-Flow instrument. Holoribozyme experiments with the RP thio substrate, 
which had the large inverse thio effect without cofactor, as well as some control experiments 
with the oxo substrate were not subjected to heating at 55°C for 3 min and cooling at room 
temperature for 10 min in order to minimize the fraction of ribozyme cleaved at initiation with 
GlcN6P. 
 Experiments performed for the aporibozyme contained 50 mM HEPES (pH 7.0) and 10 
mM Mg2+/50 mM Na+ without added cofactor. For aporibozyme metal ion rescue experiments, 
various concentrations of Cd2+ were added in the background of 10 mM Mg2+, which was used to 
keep the ribozyme folded. For the aporibozyme experiments, the RNA stock was heated at 95°C 
for 3 min and snap-cooled on ice for 10 min to afford optimal reacting ribozyme (standard 
aporibozyme renaturation).  Next, 5 µL of the RNA stock was aliquoted to a new tube to which 
the metal and buffer solution was added to initiate the reaction. Of the remaining renatured RNA 
stock, a zero time point was taken after appropriate dilution.  
 For both the holo and aporibozyme hand mixing experiments, time points were taken 
throughout each reaction and quenched with an equal volume containing EDTA in excess of 
Mg2+, 1 mM heparin to prevent RNA aggregation in gel wells, and ~70% formamide. Time 
points were diluted 1:10 with a solution containing formamide and 100 mM Tris (pH 8.5) to 
minimize smearing of bands on gels due to high concentrations of salt. For the holoribozyme 
rapid mixing experiments, time points were quenched with EDTA in excess of Mg2+. Aliquots of 
5 m L from quenched rapid mixing time points were diluted with a 45 µL solution containing 
similar concentrations of heparin, formamide, and Tris as above. Samples were loaded onto 18% 
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acrylamide/8.3 M urea gels for separation of RNA species, gels were dried, and the fraction of 
substrate cleaved versus time was calculated after imaging of bands with a Typhoon 
PhosphorImager (Molecular Dynamics).  
 Monophasic data were fit to a single exponential equation of the form 
tkobsef -+= BA    cleaved      (3.1) 
where fcleaved is the fraction of substrate cleaved at time t, A is the final fraction of substrate 
cleaved, -B is the amplitude of the phase, kobs is the observed rate constant, and A+B is the 
fraction cleaved at time zero. As needed, data were fit to a double exponential equation of the 
form 
tktk slowobsfastobs eef ,, CBA    cleaved
-- ++=     (3.2) 
where fcleaved is the fraction of substrate cleaved at time t, A is the final fraction of substrate 
cleaved, -B is the amplitude of the fast phase, kobs,fast is the observed rate constant of the fast 
phase, -C is the amplitude of the slow phase, kobs,slow is the observed rate constant of the slow 
phase, and A+B+C is the fraction cleaved at time zero. For most fraction cleaved versus time 
plots presented in figures, the fraction cleaved at time zero was subtracted from all data points 
and points from three separate trials are plotted together. 
 Aporibozyme experiments and holoribozyme experiments in 3 M K+ required time 
courses that lasted for several days. In these cases, control experiments were performed with a 
non-cleavable deoxy substrate to ensure that the substrate strand was not degrading significantly 
during this time. Degradation, was measured with a deoxy substrate. For all experiments without 
Cd2+, degradation was less than 8% for the longest time point. For experiments with Cd2+, 
degradation was less than 11% and 5% for the longest time points with the apo and 
holoribozymes, respectively. 
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Thio effects and metal ion rescue 
The effect of substituting a sulfur atom for a non-bridging oxygen atom at the scissile phosphate 
is referred to as a thio effect, which was determined for non-thiophilic metal ions such as Mg2+ 
and K+ as  
Thio effect  =  kO / kS        (3.3) 
where kO and kS are the observed rate constants for the oxo and thio substrates. Three limiting 
outcomes are possible: kO = kS, no thio effect; kO > kS, normal thio effect; kO < kS, inverse thio 
effect. For the holoribozyme reactions with the RP thio substrate where the cofactor-free 
renaturation did not include the step of heating at 55°C and cooling at room temperature, the thio 
effect was calculated using a kO from a reaction with oxo substrate that was renatured in the same 
manner. 
 To test if a thio effect is due to loss of metal ion binding at the site of sulfur substitution, 
experiments were performed with the thiophilic metal ion Cd2+ in the reaction mixture. The 
effect of adding the thiophilic metal ion is measured as “metal ion rescue,” given by 
( ) ( ) ++= 22 CdSOMgSO /// rescueion  Metal kkkk     (3.4)11. 
A value of unity indicates no metal ion rescue and thus suggests no metal ion interaction at the 
site of sulfur substitution, whereas a value greater than one indicates normal metal ion rescue, 
which suggests interaction between the thio-substituted atom and thiophilic metal ion.  Plots of 
inverse thio effect versus the concentration of Cd2+ were fit to the binding equation given by 
kobsrel  = kMg2+rel + kCd2+rel Cd 2+!" #$ KD( )
n      (3.5)11 
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where relobsk  is the ratio kS/kO (the inverse thio effect), 
rel
Mgk +2  is kS/kO in 10 mM Mg
2+ (a value that 
was defined for each substrate individually during the fitting process to be the average kS/kO for 
the four lowest Cd2+ concentrations of 0, 0.01 µM, 0.1 µM, and 1 µM Cd2+), KD is the 
dissociation constant for Cd2+ binding, and n is the Hill coefficient.  In some cases n was left as a 
floating variable, whereas in other cases n was set as a fixed value. 
 
Native polyacrylamide gel electrophoresis and gel shift assays 
Native polyacrylamide gel electrophoresis was used to purify some of the glmS enzyme strand 
and to test whether the denaturing gel-purified and native gel-purified enzyme species were 
folded similarly. Native gels contained 1X THE (34 mM Tris, 66 mM HEPES, 1 mM EDTA, pH 
7.0), 10 mM MgCl2, and 8% acrylamide and were run at 37oC.  RNA samples were renatured as 
described above (see standard holoribozyme renaturation) prior to loading onto the running gel.  
SYBR Gold was used to stain the gels and a Bio-Rad Molecular Imager Gel Doc XR System was 
used to visualize the stained gel.  
 Gel shift assays to determine the KD of substrate to enzyme binding were performed 
using native gels containing 1X THE (pH 7.0), 10 mM MgCl2, and 20% acrylamide and run at 
37oC.  RNA samples were renatured as described above (see standard holoribozyme 
renaturation) prior to loading onto the running gel. 
 
Small-angle X-ray scattering (SAXS) data collection 
In order to probe the global folding of the glmS ribozyme under various experimental conditions, 
small-angle X-ray scattering (SAXS) experiments were performed.  Data were collected at room 
temperature on beamline G1 at MacCHESS, the Macromolecular Diffraction Facility at the 
 82 
Cornell High Energy Synchrotron Source (CHESS)27,28. The detector used was a dual Pilatus 
100K-S SAXS/WAXS detector. The sample-to-detector distance setup allowed simultaneous 
collection of small- and wide-angle scattering data covering a momentum-transfer range (q-
range) of 0.0075 < q < 0.8 Å− 1 (q = 4πsin(θ)/λ, where 2θ is the scattering angle). The energy of 
the X-ray beam was 9.962 keV with a wavelength of 1.245 Å and the beam diameter was 250 
µm x 250 µm.  
Prior to all data collection, RNA was renatured similar to how it is for kinetic 
experiments. Samples were then spun down at 6K rpm for 7 min to remove any particulates prior 
to injection into either a Superdex 75 or a Shodex KW402.5-4F size-exclusion column for size-
exclusion chromatography SAXS. In the inline size-exclusion chromatography setup, a GE 
HPLC (ÄKTApurifier) routed sample directly and continuously into the BioSAXS flow cell as 
the SAXS data was being collected. Hence, BioSAXS data can be collected from a monodisperse 
stream of species of an otherwise polydisperse system. Sample was monitored with UV-vis 
detection in line with scattering detection. 
 The folding of the RNA in 10 mM Mg2+, 50 mM HEPES (pH 7.0), and 50 mM Na+ 
(conditions corresponding to the Mg2+ kinetic experiments) was probed using SEC-SAXS at 
room temperature. Renatured samples were loaded at a concentration of 0.6 mg/mL onto a SEC 
column pre-equilibrated with buffer containing the same reagents as the samples at a flow rate of 
0.12 mL/min. Buffer that eluted before the RNA was used as the buffer blank. 
 
Small-angle X-ray scattering (SAXS) data analysis 
After the images were collected, scattering profiles were generated for each sample and buffer-
subtracted using BioXTAS RAW29. For the SEC-SAXS data (Fig. B.3
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SEC RNA trace were analyzed:  a middle portion consisting of twenty frames and a left and a 
right portion each consisting of twenty frames spaced thirty frames to the left and right of the 
middle portion. For the buffer subtraction, forty frames to the left of the SEC peak were used.  In 
some cases, the left-most portion of the SEC peak showed evidence of a slightly larger SAXS 
envelope, and for this reason, the middle portion of the peak was used for data analysis.  
Molecular weight and Rg calculations were performed across the entire peak for SEC samples 
using BioXTAS RAW (Fig. B.3). 
Kratky plots (I(q)*q2 versus q) were generated and a Guinier analysis was performed 
using BioXTAS RAW. The linear region of the ln(I) vs. q2 plot where qmaxRg < 1.3 was used for 
the Guinier analysis.  The forward scattering I(0) as well as the radius of gyration (Rg) and 
molecular weight (Table B.1) were calculated using the Guinier approximation, which assumes 
that at very small angles (q < 1.3/Rg) the intensity is approximated as I(q) = I(0)exp(−(qRg)2/3). 
The maximum particle dimension (Dmax) and Rg (Table B.1) were estimated from the pair-
distance distribution function p(r) that was computed using GNOM30.  The program PRIMUS31 
from the ATSAS software package32 was used for running GNOM. 
The GNOM output file was subsequently submitted to the online DAMMIF server33 to 
create ab initio models using low-resolution data in the range 0 < q < ~0.28 Å− 1.  The DAMMIF 
algorithm constructs bead models that yield a scattering profile closest to the experimental data, 
with the lowest possible discrepancy (χ), while keeping the models compact with the beads 
interconnected. Ten independent DAMMIF runs were performed and consensus shape 
reconstruction was done with DAMAVER32. The normalized spatial discrepancy (NSD) 
parameters provided by DAMAVER for the corresponding DAMFILT envelopes indicate that 
the similarity between each set of ten models is high (average NSD value is ≤1).  
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Coot34 was used to correct a glmS ribozyme crystal structure from Bacillus anthracis 
(2NZ4) to match the construct used for the SAXS experiments.  This included removing of the 
loop at the end of P1, mutating nucleobases to match the experimental sequence, and choosing a 
conformation of the non-crystallographic 3’-tail (residues 142-145) to suitably match the SAXS 
envelope.  The DAMFILT envelope was then overlaid with this Coot-corrected crystal structure 
model using SUPCOMB32 (RMSD and excluded volume values in Supplementary Table 1).  
Comparison of the SAXS envelope and the Coot-corrected glmS crystal structure was performed 
using Pymol35. The theoretical scattering profile of the Coot-corrected crystal structure was 
calculated and fit to the experimental data using CRYSOL36.  The program CRYSOL was also 
used to calculate the theoretical Rg value of the Coot-corrected crystal structure model.   
 
Classical MD simulations 
The glmS systems used in the computational studies are from Thermoanaerobacter 
tengcongensis. The glmS holoribozyme system was modified from a pre-cleavage crystal 
structure with deoxyribose A-1 (PDB ID 2Z75), where the A-1(H2’) was replaced by A-1(2’-
OH). The glmS aporibozyme system was modified from a pre-cleavage crystal structure that 
included A-1(2’-OH) (PDB ID 2GCS). For the above two structures, missing residues and 
hydrogen atoms were added using the Maestro utility, and the poly-A caps used for 
crystallization were removed. All of the Mg2+ ions in the crystal structures were retained, and an 
additional Mg2+ ion was added to the active site of the glmS aporibozyme system at different 
positions. The subsequent system preparation and classical MD simulations in the NVT 
ensemble were performed with AMBER14 using the AMBER FF12 force field. The ribozymes 
were solvated with TIP3P explicit water molecules and neutralized by adding Na+ ions, followed 
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by addition of ~0.15 M NaCl.  Then the systems were minimized and equilibrated to a 
temperature of 300 K as follows. Initially a minimization was performed by seven steps. In the 
first step, the system was minimized while the solute (ribozyme) atoms restrained with a force 
constant of 100 kcal/(mol*Å2). In the second step, the system was minimized while the heavy 
atoms of the solute were restrained with the same force constant. In the next four steps, the full 
system was minimized while the backbone atoms of the ribozyme were restrained with a force 
constant decreasing from 100 to 50 to 10 and finally to 1 kcal/(mol*Å2). In the seventh step, the 
full system was minimized without restraints. After minimization, a NVT simulated annealing 
procedure of 200 ps was performed to raise the system temperature from zero to 300 K, while the 
solute was restrained with a force constant of 1 kcal/mol/Å2. A 5 ns NPT equilibration followed 
by a 1 ns NVT equilibration were then performed on the full system without restraints. The key 
hydrogen bonds in the active site were restrained during the minimization and the first two 
equilibration steps. After equilibration, MD trajectories in the NVT ensemble was propagated. 
Multiple independent trajectories of 50 ns each were generated for both systems with an 
additional active site Mg2+ ion positioned at various locations for the glmS aporibozyme system.   
 
Classical free energy simulations 
The free energy change associated with the active site Mg2+ moving from the pro-RP site to the 
pro-SP site in the glmS aporibozyme system was examined with a combination of the finite 
temperature string method and umbrella sampling. The details of this free energy simulation 
approach and its application to ribozymes have been discussed elsewhere22,37-46. Because no 
bonds are broken or formed during the movement of the Mg2+ ion, the classical force field 
AMBER FF12 was used in these free energy simulations. The system was prepared from an 
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equilibrated structure obtained from a classical MD trajectory of the glmS aporibozyme. The 
solvent box was truncated to a layer of 10 Å thickness around the ribozyme. The reactant 
structure has a Mg2+ ion near the pro-RP oxygen of the scissile phosphate, which disrupts the A-
1(O2’): pro-RP hydrogen bond. The product structure was generated by manually moving the 
Mg2+ to the pro-SP site. The initial string was constructed by a linear interpolation of the reactant 
and product structures. The string was represented with 20 images, and the Mg2+ movement was 
described with three reaction coordinates (Fig. B.6).  The CHARMM47 program was used to 
perform the umbrella sampling, in which the harmonic restraints were applied to the three 
reaction coordinates for each image. The total sampling time was 7.2 ns. The unbiased free 
energy surface was obtained using the weighted histogram analysis method (WHAM)48.  Note 
that the disruption of the A-1(O2’): pro-RP hydrogen bond in the initial string, as well as the 
properties of the classical force field, may bias the free energy toward Mg2+ being located near 
the pro-RP oxygen.  QM/MM geometry optimizations and MD provided further insights into 
these issues, as discussed in the main text. 
 
QM/MM geometry optimizations 
Configurations obtained from the classical MD trajectories and classical free energy simulations 
were used as starting structures for QM/MM geometry optimizations. For the configurations 
obtained from classical MD trajectories, the solvent box was truncated to a layer of 10 Å 
thickness around the ribozyme. The geometry optimizations were conducted with CHARMM47 
interfaced to Q-Chem49. For thio effect calculations, sulfur substitutions were performed 
manually using the Maestro utility. The QM region contained residues A-1, G1, and G33, as well 
as the cofactor for the glmS holoribozyme or an active-site Mg2+ ion for the glmS aporibozyme. 
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The QM region was treated at the DFT-B3LYP50-53 level of theory using the 6-31G** basis set. 
Hydrogen capping was utilized to treat the QM-MM boundary. The MM region was described 
by the AMBER FF12 force field. The MM residues more than 18 Å from the scissile phosphate 
were kept frozen during the QM/MM geometry optimizations.  
 
QM/MM MD simulations 
Structures from the QM/MM geometry optimizations were used as initial structures for short, 
nonequilibrium QM/MM MD simulations to further sample the conformational space around the 
optimized geometries. An interfaced version of CHARMM47 and Q-Chem49 was used to perform 
these simulations. The QM region was chosen to be the same and was treated at the same level of 
theory as in the QM/MM geometry optimizations, and the MM region was described by the 
AMBER FF12 force field. Only the residues within a sphere of 18 Å radius centered at the 
scissile phosphate were allowed to move. Each nonequilibrium QM/MM MD trajectory was 
propagated for 1 ps at 300 K. 
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Figures 
 
 
 
Figure 3.1.  Secondary structure, active site, and overall fold-SAXS envelope of the glmS 
ribozyme.  (a) Secondary structure of the two-piece glmS ribozyme from B. anthracis used in 
these studies. (b) Hydrogen bonding interactions of the non-bridging oxygen atoms of the scissile 
phosphate. The non-bridging oxygen atoms are shown as red spheres and labeled ‘pro-RP’ and 
‘pro-SP’. The pro-RP oxygen accepts hydrogen bonds from G57(N2) and GlcN6P(O1). The pro-
SP oxygen accepts hydrogen bonds from both the N1 and N2 of G32. Nucleotides bordering the 
scissile phosphate are blue; other nucleotides are magenta. Adapted from the B. anthracis crystal 
structure (PDB ID 2NZ4).4 (c) Overlay of the SAXS reconstruction for the wild-type aporibozyme 
with oxo substrate and crystal structure from PDB ID 2NZ4 modified using Coot34 to match the 
experimental construct.  See Appendix B for complete SAXS data. 
90°  
rotation 
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Figure 3.2. Large normal thio effects and lack of metal ion rescue for the holoribozyme.  (a,b) 
Fraction cleaved versus time traces demonstrating large normal thio effects in the presence of 10 
mM GlcN6P cofactor for the RP thio (blue), SP thio (green), and dithio (purple) substrates in (a) 10 
mM Mg2+ and (b) 3 M K+ with 100 mM EDTA. Values of the thio effects are provided in the 
panels. Kinetic data in panels (a) and (b) are zero-subtracted and so were fit to a version of equation 
1 that forces them through zero, except for the RP thio substrate which was fit to equation 1 as 
given owing to background cleavage before initiation with cofactor, stemming from the inverse 
thio effect in the aporibozyme. (c) Thiophilic metal ion rescue values in the presence of 10 mM 
GlcN6P cofactor for the RP thio, SP thio, and dithio substrates as a function of Cd2+ concentration 
in a background of 10 mM Mg2+.   
a b 
c 
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Figure 3.3. Large inverse thio effect and presence of metal ion rescue for the aporibozyme.  
(a) Fraction cleaved versus time traces for the aporibozyme in 10 mM Mg2+ showing a ~30-fold 
inverse thio effect for the RP thio substrate (blue). The SP thio substrate (green) displays similar 
reactivity as the oxo substrate (black), and the dithio substrate (purple) displays a slightly inverse 
thio effect. The x-axis is plotted as a log axis in the main plot and as a linear axis in the inset. (b) 
Fraction cleaved versus time traces for the aporibozyme in 2 mM Cd2+ in a background of 10 mM 
Mg2+ showing an increase in reactivity for the RP thio, SP thio, and dithio substrates versus to the 
10 mM Mg2+-alone conditions (compare to panel a). The SP thio substrate is biphasic at high Cd2+ 
concentrations with a fast phase amplitude of ~5%. Kinetic data in panels (a) and (b) were zero-
subtracted and so were fit to a version of equation (1) (or equation (2)) that forces them through 
zero. (c) Inverse thio effect values (kS/kO) for the aporibozyme for the RP thio, SP thio, and dithio 
substrates as a function of Cd2+ concentration in a background of 10 mM Mg2+. Fits are to a binding 
equation (equation (5)) where the Hill coefficient was floated (solid lines) or fixed at a value of 
n=2 (dashed lines).  Data for the RP, SP, and dithio substrates gave floating Hill coefficient values 
of 0.5, 0.4, and 0.9, respectively; these data fit poorly to a binding equation with a Hill coefficient 
fixed at a value of 2.  
 
a b 
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Figure 3.4. Increasing concentrations of Mg2+ in the aporibozyme result in diminished 
inverse thio effect for the RP thio substrate. (a) Fraction cleaved versus time traces for the oxo 
(black) and RP thio substrate (blue) in 1 mM (open circles; dashed line) and 50 mM (closed circles; 
solid line) Mg2+ for the aporibozyme. (b) Increasing the concentration of Mg2+ from 1 to 50 mM 
decreases the inverse thio effect value in the aporibozyme.  The line is drawn to denote the trend.  
Oxo substrate data did not show a plateau for low Mg2+ concentrations; as such, all oxo data in 
this plot were fit to a version of equation (1) with a common end point.  We chose the end point to 
be that in 10 mM Mg2+ (88%) because this is the standard Mg2+ concentration in our study.  
  
a b 
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Figure 3.5.  Active site structures from QM/MM optimizations for glmS aporibozyme. The 
Mg2+ ion is represented by the cyan sphere and is closer to the RP position in these conformations. 
Only key residues are shown.  Sulfur substitution is indicated by yellow, and hydrogen bonds are 
indicated by dashed lines. The optimized geometries are for the (a) oxo substrate, (b) RP thio 
substrate, and (c) SP thio substrate.  Note that the RP thio substitution has a rotated 2’OH and thus 
broken A–1(O2’):RP hydrogen bond (panel b), whereas the SP thio substitution has not 
significantly altered this hydrogen bond (panel c).  See Supplementary Table 6 for distances and 
angles associated with these three conformations. 
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Figure 3.6.  Multiple catalytic roles for the GlcN6P cofactor. (a) Protonation of 5’-O 
leaving group as general acid. (b) Disruption of inhibitory A–1(O2’): pro-RP interaction, 
denoted with an ‘X’, and alignment of active site via extensive hydrogen bonding with 
both non-bridging oxygens. The general base that deprotonates the 2’OH, G33, is 
denoted as ‘B:’. (c) Stabilization of developing charge on the non-bridging oxygen atoms 
via hydrogen bonding and through-space charge-charge interaction.  Hydrogen bonds and 
electrostatic interactions are indicated by dashed black lines and dashed blue lines, 
respectively
a b 
c 
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CHAPTER 4: ASSESSING THE POTENTIAL EFFECTS OF ACTIVE SITE 
MG2+ IONS IN THE GLMS RIBOZYME-COFACTOR COMPLEX1 
 
Abstract  
Ribozymes employ diverse catalytic strategies in their self-cleavage mechanisms, including the 
use of divalent metal ions. This work explores the effects of Mg2+ ions in the active site of the 
glmS ribozyme-GlcN6P cofactor complex.  Deleterious and potentially beneficial effects of an 
active site Mg2+ ion on the self-cleavage reaction were identified. The presence of a Mg2+ ion near 
the scissile phosphate oxygen atoms at the cleavage site was determined to be deleterious, and 
thereby anticatalytic, due to electrostatic repulsion of the cofactor, disruption of key hydrogen-
bonding interactions, and obstruction of nucleophilic attack.  On the other hand, the presence of a 
Mg2+ ion at another position in the active site, the Hoogsteen face of the putative general base, was 
found to avoid these deleterious effects and to be potentially catalytically favorable owing to the 
stabilization of negative charge near the general base. 
 
 
 
 
 
1 This chapter in its entirety was submitted as a journal article for J. Phys. Chem. Lett.. Sixue 
Zhang performed the classical MD simulations and free energy simulations. David R. Stevens 
performed the QM/MM geometry optimizations. Puja Goyal performed the pKa calculations. 
Philip C. Bevilacqua and Sharon Hammes-Schiffer provided valuable scientific help in this 
work.   
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Ribozymes are RNA molecules that catalyze specific reactions in a wide range of 
organisms. In contrast to proteins, ribozymes have high negative charges due to the phosphate 
groups in the backbone, resulting in the participation of metal ions for structural stabilization 
and, in some cases, catalysis.1 While metalloproteins usually use transition metals as redox 
reaction centers, ribozymes tend to interact more with alkali and alkaline earth metals such as 
Na+ and Mg2+ ions.2,3 For example, a Mg2+ ion has been found to play an essential role in the 
mechanisms of group I and II self-splicing introns and in the self-cleavage mechanism of the 
HDV ribozyme.4-8 Herein we consider the role of metal ions in the glmS ribozyme.  In contrast to 
the self-cleavage mechanisms of other small ribozymes, the glmS ribozyme employs an 
exogenous cofactor, glucosamine-6-phosphate (GlcN6P), in its self-cleavage reaction and 
utilizes the protonated cofactor as the general acid in the acid-base mechanism.9-20 For this 
ribozyme, divalent metal ions such as Mg2+ and Ca2+ have been shown to influence the rate and 
overall apparent pKa of the self-cleavage reaction.21,22 According to a previously proposed 
mechanism,20 A-1(O2’) attacks the scissile phosphate in conjunction with deprotonation of this 
O2’ by G40(N1), which was presumed to be deprotonated by an external base and may be 
activated by a metal ion.  In addition, the leaving group G1(O5’) is protonated by the amine 
group of the cofactor (Figure 4.1, see Figure C.2 for secondary structure).18  
In this Letter, we utilize a variety of simulation methods to investigate the possible 
catalytic or anticatalytic effects of Mg2+ ions in the active site of the glmS ribozyme.  The 
simulations were initiated from a crystal structure of the glmS ribozyme containing the GlcN6P 
cofactor in the pre-cleavage state (PDB ID 2Z75).23 In this crystal structure, which at 1.7 Å is 
high-resolution for RNA, self-cleavage was inhibited by a deoxy at the cleavage site. No Mg2+ 
ions in the active site were resolved, but nine other Mg2+ ions were resolved (Figure 4.1A) and 
remained near their original positions during the simulations. In addition to these 
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crystallographic Mg2+ ions, we manually added one Mg2+ ion to the active site at different 
positions to test possible roles in catalysis using both classical molecular dynamics (MD) and 
mixed quantum mechanical/molecular mechanical (QM/MM) approaches.  Minimum free energy 
paths and relative free energies of different configurations were determined using the finite 
temperature string method combined with umbrella sampling,20,24 and pKa calculations were 
performed using Poisson-Boltzmann calculations with a linear response approach 
(PB/LRA).20,25,26 The details of the computational methods are provided in the Supporting 
Information. Analysis of the potentially catalytic or deleterious (i.e., anticatalytic) effects of 
Mg2+ ions in the active site provides insights into the self-cleavage mechanism of the glmS 
ribozyme and also contributes to the general understanding of small ribozyme catalysis.  
To explore potential roles of active site Mg2+ ions, we examined several possible Mg2+ 
binding sites with computational techniques.  In the first scenario, the effects of a Mg2+ ion at the 
cleavage site (labeled ‘Site 1’ in Figure 4.1B) was investigated.  Specifically, an active site Mg2+ 
ion was placed near one or the other of the non-bridging oxygens of the scissile phosphate. No 
holoribozyme (i.e., with the cofactor bound) or wild-type aporibozyme (i.e., without the 
cofactor) glmS crystal structure has been reported with a Mg2+ ion near the cleavage site. 
However, our recent mechanistic work provides support for a divalent metal ion at the cleavage 
site of the glmS aporibozyme.27  Moreover, aporibozyme thio effects arising from sulfur 
substitution at the non-bridging oxygens, as well as thiophilic metal ion rescue, suggest that this 
metal ion contributes to function. Analogous thio effect and metal ion rescue experiments for the 
glmS holoribozyme indicate that a divalent metal ion is not present at the cleavage site when the 
cofactor is present.27 Thus, the absence of the positively charged cofactor in the wild-type 
aporibozyme appears to result in the presence of a divalent metal ion at the scissile phosphate.   
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In an effort to understand the absence of a divalent metal ion at the active site of the 
holoribozyme, we examined two representative cases for the presence of a Mg2+ ion at Site 1, the 
cleavage site for the holoribozyme.  In one case, the Mg2+ ion was coordinated to the pro-RP 
oxygen, and in the other case, the Mg2+ ion was coordinated to the pro-SP oxygen. To test the 
mobility of this Mg2+ ion, we conducted a classical free energy simulation with the string method 
combined with umbrella sampling. This simulation was performed for the canonical state, in 
which both A-1 and G40 are in their canonical protonation states, as shown in Figure 4.1B.  The 
calculated minimum free energy path indicated that the free energy barrier associated with the 
movement of the Mg2+ ion from one non-bridging oxygen to the other is ~3-5 kcal/mol, with 
another stable configuration midway between the two oxygen atoms, and that the free energy 
difference between these equilibrium configurations is less than 1 kcal/mol (Figure C.3). Thus, 
the Mg2+ ion was able to move from one non-bridging oxygen of the scissile phosphate to the 
other under the simulation conditions used in this work.  
To investigate the impact of this active site Mg2+ ion on the hydrogen-bonding 
interactions at the cleavage site, we performed classical MD simulations for three different 
protonation states of the system. In the canonical state, both A-1 and G40 are in their canonical 
protonation states, as shown in Figure 4.1B. In the second state, denoted the “dN1 state,” 
G40(N1) is deprotonated and thus able to serve as the general base. In the third state, denoted the 
“dO2’ state,” A-1(O2’) is deprotonated and thus able to act as a nucleophile to attack the 
phosphate. In all three of these protonation states, the amine group of the cofactor is protonated 
to enable it to act as the general acid, as supported by prior studies.18 In each state, the active site 
Mg2+ ion was initially placed near either the pro-RP or the pro-SP oxygen of the scissile 
phosphate.  The Mg2+ ion did not move significantly during the classical MD trajectories for the 
canonical and dO2’ states. For the dN1 state, however, even when the Mg2+ ion was placed near 
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the pro-RP oxygen, it moved toward the pro-SP oxygen to coordinate with the deprotonated 
G40(N1) (Figure C.4A).  
In contrast to our previous classical MD simulations of this system, which were without 
an active site Mg2+ ion,20 when a Mg2+ ion is near the cleavage site, classical MD simulations 
showed a disruption of the active site hydrogen-bonding pattern . In particular, the hydrogen 
bonds between GlcN6P(O1) and G1(pro-Rp), and between A-1(O2’) and G40(N1), which are 
depicted in Figure 1B, were no longer maintained.  As a result of this disruption, A-1(O2’) did 
not always retain an in-line attack conformation with the scissile phosphate, and the interaction 
of A-1(O2’) with G40 was weakened, resulting in the movement of G40 away from the cleavage 
site.  In addition, the protonated cofactor moved away from the active site, presumably due to 
electrostatic repulsion with the Mg2+ ion. Table 1 provides average hydrogen-bonding distances 
from the classical MD simulations. Note that the hydrogen bonds between the cofactor and the 
pro-RP oxygen and between A-1(O2’) and G40(N1) have been weakened or disrupted in the 
presence of a Mg2+ ion at the cleavage site.  QM/MM geometry optimizations confirmed the 
same type of disruption of the hydrogen-bonding interactions within the active site (Figure 4.2 
and Table C.1). Moreover, the O2’-P-O5’ angle decreases from 172º without an active site Mg2+ 
ion to 113º with a Mg2+ ion near the pro-RP oxygen for the canonical state, indicating disruption 
of the in-line attack conformation. 
In classical MD simulations of the dO2’ state, the Mg2+ ion always stably coordinated to 
the deprotonated A-1(O2’). This coordination of the Mg2+ ion to A-1(O2’) will hinder the 
subsequent nucleophilic attack. A similar obstructive effect was also observed in the QM/MM 
free energy simulations for the full cleavage reaction starting with the dO2’ state. For example, 
the calculated free energy barrier for the cleavage reaction with a Mg2+ ion near the pro-SP 
oxygen for the dO2’ state is ~31 kcal/mol (Figure C.5), which is ~12 kcal/mol higher than the 
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free energy barrier obtained from the same type of simulation for the analogous reaction pathway 
without the active site Mg2+ ion.20 Note that the Mg2+ ion is not coordinated to A-1(O2’) at the 
beginning of the reaction pathway but becomes closer to this nucleophile as the reaction 
progresses (Figure C.5D).  This substantially higher free energy barrier obtained when a Mg2+ 
ion is at the cleavage site is inconsistent with experimental measurements.20  
Overall, these collective simulation data indicate that the presence of a Mg2+ ion at the 
cleavage site has a deleterious or anticataltyic effect on the self-cleavage mechanism.  The first 
anticatalytic effect is that this Mg2+ ion pushes the cofactor out of the active site due to 
electrostatic repulsion and disruption of the hydrogen bond between the cofactor and the pro-Rp 
oxygen (Table 4.1).  The second anticatalytic effect is that this Mg2+ ion coordinates to A-1(O2’) 
and therefore obstructs the nucleophilic attack (Figure C.4B).  Moreover, the free energy barrier 
for the cleavage reaction when a Mg2+ ion is at the cleavage site is inconsistent with experimental 
data.  Thus, these simulations suggest that a Mg2+ ion is unlikely to be positioned at the cleavage 
site.   
To explore another potential mechanistic role of the Mg2+ ion, we investigated a second 
scenario, in which the Mg2+ ion interacts with the Hoogsteen face of G40 (labeled ‘Site 2’ in 
Figure 4.1B). The G40(N7) and G40(O6) shown in Figure 1B belong to the Hoogsteen face of 
the guanine and are able to coordinate to a Mg2+ ion.28 Although no glmS ribozyme crystal 
structure with a Mg2+ ion near the Hoogsteen face of G40 has been reported, the crystal structure 
of a glmS aporibozyme triple mutant exhibits a Ca2+ ion near O6 of the Hoogsteen face of an 
adjacent guanine site with space for it to move to the Hoogsteen face of the general base.29 
Moreover, experimental mutation of G40 to U was found to decrease the self-cleavage rate by 
three to five orders of magnitude,11,17 and experiments performed in the presence of a 7-deaza-
guanine substitution and Mn2+  led to rate reduction21 that suggests the possibility of metal ion 
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binding to the Hoogsteen face of G40.  In general, divalent metal ions are able to interact with 
the O6 or the N7 of the Hoogsteen face of a guanine, although they appear to prefer O6.30,31 It is 
not clear whether a Mg2+ ion would interact more strongly with G40(O6) or G40(N7) in the glmS 
ribozyme environment. A classical free energy simulation performed with the string method 
combined with umbrella sampling indicated that the free energy difference between these two 
equilibrium configurations is ~1 kcal/mol, slightly favoring the G40(O6) position (Figure C.6). 
Therefore, we explored two representative cases for this scenario: the first with a Mg2+ ion near 
G40(O6), and the second with a Mg2+ ion near G40(N7).  
In contrast to the first scenario, in which the active site Mg2+ ion was at the cleavage site, 
the presence of a Mg2+ ion near the Hoogsteen face of G40 (Site 2 in Figure 4.1B) did not 
significantly disrupt the hydrogen-bonding pattern or the in-line attack conformation in the active 
site.  Thus unlike Site 1, Site 2 is not overtly anticatalytic.  In these classical MD simulations, a 
Mg2+ ion was initially positioned at either G40(N7) or G40(O6). In the dN1 and dO2’ states, the 
metal ion moved closer to G40(O6), which is closer to the deprotonated moiety, for the 
trajectories in which Mg2+ was initially positioned at G40(N7).  This movement was most likely 
due to electrostatic attraction between the Mg2+ ion and the deprotonated G40(N1) or A-1(O2’), 
although it did not move enough to coordinate directly to G40(N1) or A-1(O2’). In the canonical 
state, the Mg2+ ion remained near its initial position. When the metal ion was near G40(N7), it 
also interacted with a nearby phosphate group from G40.  
Table 4.2 provides the average distances and angles from these classical MD simulations.  
For all of these MD trajectories, the cofactor remained stably bound in the active site and formed 
a hydrogen bond with the pro-RP oxygen. Compared to the MD simulations without an active 
site Mg2+ ion (data given in Table 4.1), the A-1(O2’):G40(N1) hydrogen bond became weaker in 
the presence of a Mg2+ ion near the Hoogsteen face of G40. Weakening of the hydrogen-bonding 
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interaction between A-1(O2’) and G40(N1) is expected to lower the pKa of G40(N1) in the 
canonical state and therefore facilitate the initial deprotonation of G40(N1) by an external base, 
which is proposed to initiate the self-cleavage reaction.20 Thus, the presence of a Mg2+ ion at the 
Hoogsteen face of G40 could potentially be catalytically favorable.  Although the A-
1(O2’):G40(N1) hydrogen bond also becomes weaker when a Mg2+ ion is at the cleavage site 
(Site 1 in Figure 4.1B and Table 4.1), the accompanying weakening of the hydrogen bond 
between the cofactor and the pro-RP oxygen, as well as the electrostatic repulsion between the 
Mg2+ ion and the cofactor, negate the potentially favorable effect in that case. 
These issues were further explored by QM/MM geometry optimizations and pKa 
calculations with a Mg2+ ion at the Hoogsteen face of G40.  QM/MM geometry optimizations 
confirmed the retention of most hydrogen-bonding interactions within the active site, as well as 
the weakening of the A-1(O2’):G40(N1) hydrogen bond upon placement of the Mg2+ ion at the 
Hoogsteen face (Figure 4.3 and Table C.2). Furthermore, pKa calculations confirmed a decrease 
of the pKa value of G40(N1) when a Mg2+ ion is near the Hoogsteen face of G40. The calculated 
pKa of G40(N1) is 11.6±1.520 without an active site Mg2+ ion and 7.9±1.1 with a Mg2+ ion at the 
Hoogsteen face, predicting a decrease of 3.7 pKa units. In these pKa calculations, the MD 
configurations were selected to retain the A-1(O2’):G40(N1) hydrogen bond, where the 
hydrogen bond donor is either A-1(O2’) or G40(N1). Note that these error bars were determined 
from statistical analysis and do not account for systematic errors, but the relative pKa values are 
expected to be reliable. 
This work has elucidated the potential anticatalytic and catalytic effects of an active site 
Mg2+ ion in the GlcN6P-bound glmS ribozyme. In general, Mg2+ ions have been shown to 
stabilize the scissile phosphate negative charge that develops during the cleavage reaction as well 
as to shift the pKa’s of active site residues. The simulations presented herein indicate that the 
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glmS ribozyme does not employ a Mg2+ ion at the cleavage site (Site 1) because of two 
anticatalytic effects: (1) pushing the positively charged cofactor from the active site, presumably 
due to electrostatic repulsion, with concomitant disruption of the hydrogen bond between 
GlcN6P(O1) and the pro-RP oxygen on the scissile phosphate; and (2) obstructing the 
nucleophile attack by A-1(O2’) on the scissile phosphate by coordination to the deprotonated A-
1(O2’).  The disruption of the hydrogen-bonding interactions within the active site also disfavors 
the presumed in-line attack conformation required for catalysis.  
These findings are consistent with recent studies from our lab that support the absence of 
a metal ion at the active site of the holoribozyme.27  In this recent work, the hydrogen-bonding 
interaction between A-1(O2’) and the pro-RP oxygen was determined to partially inhibit the self-
cleavage reaction for the holoribozyme, and weakening this hydrogen-bonding interaction was 
found to enhance the ability of A-1(O2’) to attack the phosphate group.  The cofactor weakens 
this hydrogen-bonding interaction in the holoribozyme, and an active site Mg2+ ion at the 
cleavage site is thought to weaken this interaction in the aporibozyme.27  Moreover, the 
experimental evidence that a Mg2+ ion is present at the cleavage site in the aporibozyme but not 
in the holoribozyme suggests that the cofactor may be responsible for keeping Mg2+ out of the 
active site in the holoribozyme.  The calculations discussed herein suggest that the presence of a 
Mg2+ ion at the cleavage site in the holoribozyme is disruptive and therefore exerts an 
anticatalytic effect. 
In contrast, the presence of a Mg2+ ion near the Hoogsteen face of G40 (Site 2) does not 
significantly disrupt the hydrogen-bonding interactions within the active site and does not exhibit 
any of the other anticatalytic effects.  A possible catalytically favorable effect of the Mg2+ ion 
near the Hoogsteen face of G40 is the lowering of the pKa of G40(N1), thereby facilitating the 
initial deprotonation presumed to be required for the self-cleavage reaction.  Further 
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experimental and theoretical studies are required to fully unravel the diverse roles of Mg2+ ions 
in ribozymes. 
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Figures and Tables 
 
Figure 4.1. (A) Structure of the glmS holoribozyme from Thermoanaerobacter tengcongensis 
(PDB ID 2Z75). Figure is modified from Ref. 20. The crystal structure consists of two chains, an 
oligomer substrate (grey), and a motif from the glmS ribozyme RNA (blue). The active site 
consists of A-1 (red), G1 (black), G40 (green), and the cofactor (orange). The Mg2+ ions in the 
crystal structure are represented by pink spheres. (B) Illustration of the active site in the glmS 
ribozyme and the proposed self-cleavage mechanism indicated by the red arrows. The pro-RP 
and pro-SP oxygens of the scissile phosphate are labeled with subscripts R and S, respectively. 
Dashed black lines indicate important hydrogen bonds in the active site. The potential positions 
of the active-site Mg2+ ion examined in this Letter are indicated by dotted circles. They are 
denoted ‘Site 1’, which is near the non-bridging oxygens of the scissile phosphate, and ‘Site 2’, 
which is near the Hoogsteen face of G40. 
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Table 4.1. Average Active Site Distances from Classical MD Simulations with Mg2+ 
Ion at Cleavage Sitea 
 
Species Mg2+ positionb GlcN6P(O1):pro-RP A-1(O2’):G40(N1) 
canonical w/o Mg2+ N/A 2.66 (0.10) 3.20 (0.28) 
canonical Mg2+@SP 1.96 (0.05)/4.08 (0.19) 4.39 (0.74) 5.16 (1.95) 
canonical Mg2+@RP 4.03 (0.21)/1.94 (0.04) 6.04 (1.62) 4.91 (0.83) 
dO2’ w/o Mg2+ N/A 2.51 (0.08) 2.93 (0.19) 
dO2’ Mg2+@SP 1.96 (0.06)/4.03 (0.32) 2.56 (0.09) 6.12 (1.17) 
dO2’ Mg2+@RP 4.32 (0.36)/1.96 (0.05) 2.83 (0.12) 7.47 (1.55) 
dN1 w/o Mg2+ c N/A 2.71 (0.09) 2.88 (0.11) 
dN1 Mg2+@SPd 1.96 (0.05)/4.22 (0.16) 3.82 (0.19) 4.60 (1.79) 
 
a The cleavage site is labeled as Site 1 in Figure 4.1B, and both hydrogen-bonding distances 
given in this table are depicted by dashed lines.  The species labels refer to the protonation states 
of A-1(O2’) and G40(N1) and the position of the Mg2+ ion at the cleavage site.  Data for the 
systems without an active site Mg2+ ion are reanalyzed from Ref. 20. Distances are given in Å. 
The numbers in parentheses are the standard deviations. Similar hydrogen-bonding patterns were 
determined from QM/MM geometry optimizations, as given in Table C.1. 
b The number before the slash is the Mg2+:pro-SP distance, and the number after the slash is the 
Mg2+:pro-RP distance. 
c Average distances for only the frames that have the A-1(O2’):G40(N1) hydrogen bond. The 
free energy barrier associated with the rotation from the A-1(O2’):pro-RP hydrogen bond to the 
A-1(O2’):G40(N1) hydrogen bond is ~1 kcal/mol according to Ref. 20. 
d dN1 Mg2+@RP is not given because the Mg2+ moves to the SP position even when started at the 
RP position. 
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Figure 4.2. QM/MM optimized geometries for the canonical state (A) without a Mg2+ ion at the 
cleavage site, (B) with a Mg2+ ion near the pro-RP oxygen, and (C) with a Mg2+ ion near the pro-
SP oxygen. For simplicity, the pro-RP and pro-SP oxygens are labeled as R and S respectively. 
Dashed black lines indicate the GlcN6P(O1):pro-RP and A-1(O2’):G40(N1) hydrogen bonds 
when present. 
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Figure 4.3.  QM/MM optimized geometries for the canonical state (A) without a Mg2+ ion at the 
Hoogsteen face of G40, (B) with a Mg2+ ion near G40(O6), and (C) with a Mg2+ ion near 
G40(N7). For simplicity, the pro-RP and pro-SP oxygens are labeled as R and S, respectively. 
Dashed black lines indicate GlcN6P(O1):pro-RP and A-1(O2’):G40(N1) hydrogen bonds when 
present. 
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Table 4.2. Average Distances from Classical MD Simulations with Mg2+ Near Hoogsteen 
Face of G40a 
Species Mg2+ positionb GlcN6P(O1):pro-RP A-1(O2’):G40(N1) 
canonical Mg2+@O6 2.08 (0.06)/4.57 (0.19) 2.83 (0.09) 3.93 (0.42) 
canonical Mg2+@N7 3.96 (0.12)/2.28 (0.17) 2.72 (0.07) 3.92 (0.29) 
dN1 Mg2+@O6 1.98 (0.04)/3.94 (0.26) 2.62 (0.08) 3.93 (0.26) 
dO2’ Mg2+@O6 2.34 (0.26)/4.33 (0.30) 3.04 (0.08) 4.93 (0.11) 
 
a The site at the Hoogsteen Face of G40 is labeled as Site 2 in Figure 4.1B.  The species labels 
refer to the protonation states of A-1(O2’) and G40(N1) and the position of the Mg2+ ion at the 
Hoogsteen face of G40.  Distances are given in Å. The numbers in parentheses are the standard 
deviations. Similar hydrogen-bonding patterns were determined from QM/MM geometry 
optimizations, as given in Table C.2, except that some of these hydrogen bonds were retained in 
the absence of conformational sampling. 
b The number before the slash is the Mg2+:G40(O6) distance, and the number after the slash is 
the Mg2+:G40(N7) distance.  
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CHAPTER 5: CONCLUSION 
 In the studies presented in this work, the general acid-base mechanism of the self-
cleavage reaction in the glmS ribozyme was explored by both computational approaches and 
experiments. The catalytic roles of the guanine residue, which is the putative general base, the 
cofactor, and the metal ions were examined and discussed. To study the active site features in the 
pre-cleavage state, such as hydrogen-bonding patterns and the pKa values of key functional 
groups, classical MD simulations, QM/MM MD simulations, QM/MM geometry optimizations, 
classical free energy simulations, QM/MM free energy simulations, and Poisson-Boltzmann 
calculations with the linear response approach were performed for the holo and apo glmS 
ribozyme, the oxo and sulfur substitutes, and with and without an active site Mg2+ ion. To study 
the specific cleavage reaction pathways, QM/MM free energy simulations were performed for 
several different proposed reaction pathways. Experimental evidence was provided by our 
collaborators through measurements of reaction rate constants, including metal ion dependence 
experiments, thio effect experiments, and metal ion rescue experiments.  
 Based on the results from the computational studies and experiments, several aspects of 
the self-cleavage mechanism were clarified. Firstly, a possible cleavage pathway that is 
consistent with experimental data was found. In this pathway, the self-cleavage reaction utilizes 
the cofactor as the general acid and a guanine residue (G40) near the cleavage site as the general 
base. The reaction followed a concerted pathway with asynchronous character. Secondly, key 
hydrogen bonds in the active site were elaborated. The general base is able to interact with the 
nucleophile through a G40(N1):A-1(O2’) hydrogen bond. The A-1(O2’):G1(pro-RP) hydrogen 
bond has an inhibitory effect to the reaction because it hinders the deprotonation of the 
nucleophile A-1(O2’). The GlcN6P(O1):G1(pro-RP) hydrogen bond has a beneficial effect to the 
reaction because it helps the cofactor stay in the active site and competes with the inhibitory A-
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1(O2’):G1(pro-RP) hydrogen bond. Several other hydrogen bonds between the non-bridging 
oxygens of the scissile phosphate and nearby residues help to stabilize the negative charge 
developing on the scissile phosphate during the reaction. The thio effect experiments provided 
additional evidence for these hydrogen-bonding interactions. Thirdly, the roles of the cofactor 
and metal ions, specifically the Mg2+ ion, were illuminated. Besides serving as the general acid, 
the cofactor also weakens or disrupts an inhibitory hydrogen bond as well as provides 
electrostatic stabilization. A cleavage-site Mg2+ ion has anticatalytic effects: disruption of active 
site hydrogen bonds, repulsion of the cofactor, and obstruction of the nucleophilic attack. In 
contrast, a Mg2+ ion near the Hoogsteen face of G40 might stabilize the deprotonation of G40 
and thus be catalytically beneficial. In the absence of cofactor, the metal ion rescue experiments 
proved the existence of a cleavage-site Mg2+ ion. In this situation, the Mg2+ ion plays some of the 
cofactor’s roles, such as electrostatic stabilization. 
 The elucidation of this self-cleavage mechanism has provided valuable insights for the 
ribozyme field. It demonstrates the unique strategies employed by RNA systems, which are 
remarkably different than protein enzymes in terms of structure and chemical function. The three 
strategies, namely general acid-base catalysis, the use of Mg2+ ions and the use of a cofactor, 
discussed in the glmS ribozyme help in the prediction of the self-cleavage mechanisms of other 
small ribozymes. Additionally, the ability of ribozymes to overcome their lack of structural and 
chemical diversity makes the RNA world hypothesis more plausible. Finally, understanding the 
mechanisms, for example the interaction between ribozymes and small molecules, could 
facilitate the discovery of novel drugs that target those ribozymes. 
 Shown to be such an interesting system, the self-cleavage reaction in the glmS ribozyme 
could be further explored in several different directions. The first direction is to examine G40 
substitutions both computationally and experimentally. The sulfur substitutions on the non-
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bridging oxygens of the scissile phosphate gave valuable information on the hydrogen bonds 
associated with those oxygens. Similarly, comparing wild-type glmS ribozyme with the G40 
substitutions will give more information on this putative general base as well as possible 
additional roles of G40. The second direction is to further examine the Mg2+ ion near the 
Hoogsteen face of G40. this work did not show deleterious effects from such a Mg2+ ion, proof 
of its existence requires more experimental evidence, and its potential catalytic roles require 
further elucidation. The third direction is to further examine the cleavage reactions in the apo 
glmS ribozyme and the sulfur substituted systems. Despite the decrease of the cleavage reaction 
rate, the cleavage still happens in the absence of the cofactor. Understanding this alternative 
mechanism might unravel additional catalytic strategies employed by ribozymes, as well as help 
to better interpret experimental observations by performing QM/MM free energy simulations to 
obtain the free energy barriers for cleavage in sulfur substituted systems.  All of these future 
directions will add to the growing understanding of catalytic strategies employed by ribozymes. 
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 21 
 
The information included in this Appendix is as follows: 
• RESP procedure 
• Figure A.1: Schematic depictions of N1-deprotonated G40 and O2’-deprotonated A-1 
used in the RESP procedure 
• Table A.1: RESP charges of GlcN6P 
• Table A.2: RESP charges of N1-deprotonated G40 
• Table A.3: RESP charges of deprotonated O2’-deprotonated A-1 
• Figure A.2: Depiction of residues with atom names 
• Table A.4: RMSDs of structures after classical molecular dynamics compared to the 
crystal structure 
• Details about QM/MM geometry optimizations 
• Table A.5: Comparison of relative energies and atomic charges for different basis sets 
• Convergence criteria for QM/MM free energy simulations 
• Figures A.3-A.5: Analysis of convergence for simulations of cleavage with and 
without external base and simulations of 2’OH rearrangement 
• Statistical error analysis 
• Table A.6: Statistical error analysis for cleavage with and without external base 
• Figure A.6: Comparison of two ‘cleavage with external base’ simulations with 
different initial strings 
• Figure A.7: Hydrogen-bonding patterns from MD simulations 
• Figure A.8: Possible reaction pathways starting with State B’ 
• Figure A.9: NBO analysis for ‘cleavage with external base’ simulations 
• Figure A.10: 2D free energy surface for ‘O2’/N1 PT’ simulations 
• Figure A.11: Definition of angle coordinates for ‘2’OH 
• rearrangement’ simulations 
• Figure A.12: Analysis of results for ‘2’OH rearrangement’ free energy simulations 
• Details about PB/LRA benchmarking calculations 
• Table S7: Results from PB/LRA calculations with εenv=8 
• Figure S13: Hydrogen-bonding interactions in ‘cleavage with 
• external base’ simulations 
• Figure S14: Hydrogen bond between G40(N1) and A-1(O2’) in 
• State B’ from ‘cleavage without external base simulations’ 
• Supporting References 
 
 
 
1 This appendix in its entirety was published as the following journal article: Zhang, S. X.; 
Ganguly, A.; Goyal, P.; Bingaman, J. L.; Bevilacqua, P. C.; Hammes-Schiffer, S. J. Am. Chem. 
Soc. 2015, 137, 784-798. Ganguly performed a proton transfer simulation. Goyal performed the 
pKa calculations. Zhang performed the rest of the simulations. Bingaman performed the 
experiments. 
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RESP Procedure 
 
The charges for the cofactor, N1-deprotonated G40, and O2’-deprotonated A-1 were 
calculated using the RESP procedure.  In each case, the residue of interest was extracted from the 
crystal structure (PDB ID 2Z75) following the addition of hydrogen atoms.  For N1-deprotonated 
G40, the O3’ and O5’ were each capped with a methyl group, and for O2’-deprotonated A-1, the 
O3’ was capped with a methyl group.  Using this structure as the initial geometry, a geometry 
optimization was performed at the Hartree-Fock/6-31G* level with Gaussian03. After this 
geometry optimization, the heavy atom positions were found to be similar to those in the crystal 
structure.  For the optimized geometry, the electrostatic potential was calculated and the RESP 
program was used to determine the partial atomic charges.  In all cases, the methyl group on O3’ 
(green in Figure S1) was chosen to have an overall charge of 0.3081, and the methyl group on O5’ 
(blue in Figure S1) was chosen to have an overall charge of 0.3061.  All of the charges for the 
atoms shown in black, blue, and green in Figure S1 were fixed during the entire RESP procedure.  
The AMBER99 partial charges of the canonical neutral guanine (RG) and the 5’-terminal adenine 
(RA5) were used as initial guesses for the calculation of the partial charges for the deprotonated 
G40 and A-1, respectively.  A two-stage RESP procedure was performed for all three systems.  In 
the first stage, all charges on tetrahedral carbons and their hydrogens remained fixed.  In the second 
stage, all of the charges except those on the tetrahedral carbons and their hydrogens were fixed to 
the values obtained in the first stage.  The resulting charges are given in Tables A.1-A.3, referring 
to Figure A.2.  
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Figures and Tables 
 
 
 
Figure A.1: Schematic depictions of N1-deprotonated G40 and O2’-deprotonated A-1 used in the RESP 
procedure.  The green methyl groups have an overall charge of 0.3081, and the blue methyl group has an 
overall charge of 0.3061.  The total charge is -1 for both deprotonated G40 and deprotonated A-1 in this 
methyl capped form.  The charges on the green, blue, and black atoms were fixed during the RESP 
procedure, and only the charges on the red atoms were allowed to change in a two-stage procedure.  
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Table A.1. RESP Charges of GlcN6Pa 
 
Atom Charge Atom Charge Atom Charge 
P 1.3061 C4 0.0469 H22 0.3124 
O1P -0.9271 O4 -0.6489 H3 0.1407 
O2P -0.9271 C5 0.2219 H31 0.4677 
O3P -0.9271 O5 -0.3352 H4 0.1565 
C1 0.0681 C6 -0.0227 H41 0.4748 
O1 -0.6811 O6 -0.5406 H5 0.0398 
C2 0.0817 H1 0.1461 H61 0.0782 
N2 -0.2879 H11 0.4994 H62 0.0782 
C3 0.1078 H2 0.1437 H23 0.3124 
O3 -0.6971 H21 0.3124   
 
aThe GlcN6P has a protonated amino group and a doubly deprotonated 
phosphate tail. The total charge is -1. Atom names are given in Figure 
A.2A.  
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Table A.2. RESP Charges of N1-Deprotonated G40a 
 
Atom Charge Atom Charge Atom Charge 
P 1.1662 H1' 0.3076 H21 0.3477 
O1P -0.7760 N9 0.1596 H22 0.3477 
O2P -0.7760 C8 0.0113 N3 -0.8178 
O5' -0.4989 H8 0.1354 C4 0.3297 
C5' 0.0558 N7 -0.5414 C3' 0.2022 
H5'1 0.0679 C5 -0.0460 H3' 0.0615 
H5'2 0.0679 C6 0.7773 C2' 0.0670 
C4' 0.1065 O6 -0.7008 H2'1 0.0972 
H4' 0.1174 N1 -0.8704 O2' -0.6139 
O4' -0.3548 C2 0.9064 HO'2 0.4186 
C1' -0.3023 N2 -0.9280 O3' -0.5246 
 
aG40(N1) is deprotonated. The total charge of the structure shown in 
Figure A.2B, which gives the atom names, is -2. 
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Table A.3. RESP Charges of O2’-Deprotonated A-1a 
 
Atom Charge Atom Charge Atom Charge 
H5T 0.4379 N9 -0.0251 C2 0.5875 
O5' -0.6585 C8 0.2006 H2 0.0473 
C5' 0.0199 H8 0.1553 N3 -0.6997 
H5'1 0.0811 N7 -0.6073 C4 0.3053 
H5'2 0.0811 C5 0.0515 C3' 0.1245 
C4' 0.0658 C6 0.7009 H3' 0.0458 
H4' 0.1095 N6 -0.9019 C2' 0.0305 
O4' -0.3917 H61 0.4115 H2'1 0.0197 
C1' 0.0650 H62 0.4115 O2' -0.7371 
H1' 0.1028 N1 -0.7615 O3' -0.5803 
 
aA-1(O2’) is deprotonated. The total charge of the structure shown in 
Figure A.2C, which gives the atom names, is -1.3081.  In the 
AMBER99 force field the total charge of a neutral 5’-terminal residue 
is -0.3081 and the total charge of a neutral 3’-terminal residue is -
0.6919, such that the partial charges on the terminal residues combined 
together add up to -1.  Thus, the total charge of the deprotonated 5'-
terminal residue is -1.3081. 
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Figure A.2. Illustration of the residues with assigned atom names: (A) GlcN6P, (B) N1-deprotonated 
G40, and (C) O2’-deprotonated A-1. 
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Table A.4. RMSDs of Structures after Classical Molecular Dynamics Compared to Crystal 
Structurea 
 
Protonation State Full System RMSD (Å) Active Site RMSD (Å) 
State A 2.98 0.73 
State B 3.31 0.92 
State C1 2.40 0.84 
 
aThe protonation states are defined in Figure 2.3 of the main paper.  The RMSD is calculated for all heavy 
atoms in the region indicated in columns 2 and 3, where the active site is defined to include A-1, G1, G40, 
and GlcN6P.  The RMSD is calculated between the last snapshot of each MD trajectory and the crystal 
structure.  
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Details about QM/MM Geometry Optimizations 
The system used for QM/MM geometry optimization was truncated from the system used 
for the classical MD simulations.  Specifically, the truncated system included the ribozyme and a 
layer of equilibrated solvent extending 13 Å beyond the outer atoms of the ribozyme.  The QM 
region is depicted in Figure 2.3 and was treated with DFT/B3LYP with the 6-31G** basis set.  
This region included the cofactor and the critical residues G40, A-1, and G1, as well as the scissile 
phosphate.  A comparison between the 6-31G** and 6-31+G** basis sets is provided in Table S5 
and shows that diffuse basis functions are not essential for this system.  The MM region was 
described by the OPLS-2005 forcefield,1,2 and hydrogen capping was used to describe the 
QM/MM interface.3-5 Atoms outside a sphere of radius 18 Å centered at the phosphorus atom of 
the scissile phosphate were frozen during the geometry optimizations.  The QSite program6 was 
used to perform the QM/MM geometry optimizations and to analyze the optimized structures.  The 
OPLS-2005 forcefield was used because the AMBER forcefied is not available in this program. 
These geometry optimizations were used only to produce the initial strings, however, and the 
classical MD and QM/MM free energy simulations were all performed with the AMBER99 
forcefield.  Frequency calculations were performed for the optimized geometries to confirm that 
each stationary point was a minimum.  
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Table A.5. Comparison of Relative Energies and Atomic Charges for Different Basis Setsa 
 
Average Magnitude Charge 
Differenceb  
Difference in Relative Energies of 
Reactant and Product Structuresc 
0.011 1.24 kcal/mol (1.4%) 
 
aThe two basis sets compared are 6-31G** and 6-31+G**, and the calculations were performed with the 
QSite program for the QM region in the gas phase. 
b The atomic charges were calculated with the Natural Bond Orbital (NBO) method for all atoms in the 
QM region of a reactant state geometry using each basis set, and the average of the absolute value of the 
charge difference for all of these atoms was calculated. 
cThe energy difference between a reactant and product structure was calculated using each basis set. The 
energy difference between these two structures is 87.43 kcal/mol with 6-31G** and 86.19 kcal/mol with 
6-31+G**, leading to the reported energy difference with the percentage difference given in parentheses. 
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Convergence Criteria for QM/MM Free Energy Simulations  
Three convergence criteria for the QM/MM free energy simulations were used. The first 
criterion is the root mean square deviation (RMSD) of each reaction coordinate. The RMSD of a 
reaction coordinate in a certain iteration is calculated by the following procedure: (1) for each 
image, the average value of this reaction coordinate from the preceding five iterations is calculated; 
(2) the square of the difference between the value in the current iteration and that average value is 
calculated; (3) the RMSD is the square root of the sum of this quantity averaged over all images.  
The RMSD value should be below 0.1 Å to satisfy this convergence criterion. The second criterion 
is a comparison of the strings projected onto two collective reaction coordinates over the last 
several iterations.  The string is considered to be converged when it does not change significantly 
over the last several iterations.   The third criterion is a comparison of the free energy profiles 
along the string for the last several iterations.  The string is considered to be converged when the 
free energy barrier does not change by more than 0.5 kcal/mol over several iterations. 
To examine the dependence of the MFEP on the choice of initial string, we also performed 
‘cleavage with external base’ simulations with an initial string associated with the sequential rather 
than the concerted mechanism.  This initial string was generated by a linear interpolation 
connecting a pre-cleavage structure in State B to a phosphorane intermediate structure for the first 
half of the string, and then a linear interpolation connecting the intermediate structure to a post-
cleavage structure for the second half of the string.  This string evolved toward the converged 
MFEP from our initial simulations, resulting in a free energy barrier of ~17 kcal/mol, which is in 
agreement with the free energy barrier of ~19 kcal/mol from the initial simulation within the 
estimated error bars of ~1 kcal/mol.  This additional calculation illustrates that two different initial 
strings associated with distinct mechanisms evolve toward the same MFEP (Figure A.6).  
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Figure A.3. Analysis of string convergence for the ‘cleavage with external base’ simulations, where the 
initial string corresponded to the concerted pathway. Data are given for the last five iterations (iterations 
16-20). (A) RMSD of each reaction coordinate for the last five iterations indicated according to the color 
scheme, where each RMSD is calculated relative to the average over the preceding five iterations for each 
reaction coordinate and subsequently averaged over all images. (B) Comparison of the strings from the 
last five iterations projected onto the two collective reaction coordinates indicated on the axes labels. (C) 
Comparison of the free energy along the strings shown in (B) for the last five iterations. 
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Figure A.4. Analysis of string convergence for the ‘cleavage without external base’ simulations. Data are 
given for the last five iterations (iterations 23-27). (A) RMSD of each reaction coordinate for the last five 
iterations indicated according to the color scheme, where each RMSD is calculated relative to the average 
over the preceding five iterations for each reaction coordinate and subsequently averaged over all images. 
(B) Comparison of the strings from the last five iterations projected onto the two collective reaction 
coordinates indicated on the axes labels. (C) Comparison of the free energy along the strings shown in (B) 
for the last five iterations. 
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Figure A.5. Analysis of string convergence for the ‘2’OH rearrangement’ simulation. (A) RMSD of the 
two angle reaction coordinates for the last six iterations indicated according to the color scheme, as 
compared to the average over the preceding 10 iterations for each reaction coordinate and subsequently 
averaged over all images. (B) Comparison of the strings from the iterations indicated according to the 
color scheme. 
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Statistical Error Analysis 
We also performed a statistical error analysis for both the ‘cleavage with external base’ 
and ‘cleavage without external base’ simulations.  For this purpose, we selected half of the data 
from each image of each iteration for the entire data set and generated a multidimensional free 
energy surface, from which we obtained a one-dimensional free energy profile along the converged 
string and the corresponding free energy barrier.  After performing this random selection 100 
times, we calculated the standard deviation of the resulting 100 free energy barriers relative to the 
average value.  The results are provided in Table A.6.  We emphasize that this error analysis 
determines only the statistical error and does not account for systematic error due to limitations in 
the level of theory (i.e., the density functional, basis set, and classical forcefield).  Moreover, this 
statistical error does not account for the dependence of the free energy barrier on the initial string. 
 
 
 
 
 
Table A.6. Free Energy Barriers (kcal/mol) and Standard Deviations (s) (kcal/mol) Obtained from 
Statistical Error Analysis for Cleavage with and without External Base 
System 100 randomly selected half data sets Full data set  
 Max barrier Min barrier Mean barrier s Barrier 
With base 19.59 18.47 18.91 0.28 19.17 
Without base 30.69 28.43 29.79 0.41 29.94 
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Figure A.6. Comparison of two ‘cleavage with external base’ simulations with different initial strings. 
The initial string corresponding to a sequential pathway is shown in dashed red, and the resulting string 
after 18 iterations is shown in solid red.  The initial string corresponding to a concerted pathway is shown 
in dashed black, and the resulting string after 20 iterations is shown in solid black. The MFEPs are very 
similar in the transition state and product regions but differ slightly in the reactant region.  Given that the 
free energy barrier is 2 kcal/mol lower for the red MFEP compared to the black MFEP, we hypothesize 
that the red MFEP is sampling a local minimum in the reactant region, thereby leading to a lower free 
energy barrier (i.e., raising the reactant by 2 kcal/mol will lower the barrier by 2 kcal/mol).  However, the 
analogs of Figures 2.6A and 2.6B, which correspond to the black MFEP, are very similar for the red 
MFEP, indicating that both converged MFEPs correspond to the same mechanism.  
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Figure A.7. Hydrogen-bonding patterns for the different protonation states defined in Figure 2.3.  The 
dashed lines indicate hydrogen bonds.  These structures were obtained from classical MD trajectories. 
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Figure A.8. Three possible pathways for ‘cleavage without external base’ subsequent to the 
deprotonation of O2’.  The upper and lower pathways are sequential, and the middle pathway is 
concerted.  Figure 2.5 in the main paper provides the analog of this figure for ‘cleavage with external 
base’. 
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Figure A.9. NBO analysis results based on the converged string from the ‘cleavage with external base’ 
simulations. (A) Distances between the nonbridging oxygens and the nitrogen atom of the amine group on 
the cofactor. These distances are averaged over all configurations for each image in the last iteration.  (B) 
NBO partial atomic charges on the two nonbridging oxygens and the amine group. The charge of the 
amine group is the sum of the charges of the N atom and the three associated H atoms, although one of 
the H atoms transfers to the G1(O5’) at the later stage of this pathway.  The NBO analysis was performed 
for the final configuration for each image of the converged string. 
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Figure A.10. The 2D free energy surface obtained from the ‘O2’/N1 PT’ simulations projected in the r9 
and (r7-r8) space, where r9, r7, and r8 denote the A-1(O2’)-G40(N1), A-1(O2’)-G40(H1), and G40(N1)-
G40(H1) distances, respectively, as defined in Figure 2 of the main manuscript.  The black curve depicts 
the string from the last iteration. In this simulation, an external base is assumed to have already 
deprotonated either A-1(O2’) or G40(N1), and the proton transfer reaction between these two atoms is 
examined. This figure illustrates that the free energy is significantly lower when the hydrogen is bound to 
A-1(O2’) than when it is bound to G40(N1), indicating that the pKa of A-1(O2’) is higher than the pKa of 
G40(N1). 
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Figure A.11. Definition of angle coordinates used in the ‘2’OH rearrangement’ simulations. The two 
angle coordinates are denoted θ1 and θ2. 
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Figure A.12. Analysis of results for the ‘2’OH rearrangement’ free energy simulations.  Panel A is the 2D 
free energy surface as a function of the two angle reaction coordinates defined in Figure S11, where the 
converged MFEP is indicated by the black curve.  Panel B is the 1D free energy profile along the MFEP 
shown in panel A, and Panel C depicts the values of the angles along the MFEP from State C2 to State 
C1.  This figure illustrates the conversion between States C1 and C2, indicating that State C1 is 
approximately 1 kcal/mol lower in free energy than State C2. 
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Details about PB/LRA Benchmarking Calculations 
We benchmarked the methodology for these types of systems by calculating the pKa of 
A(O2’) of ApG in aqueous solution.  Portions of this discussion are reproduced from the main 
paper for completeness.  The pKa of the 2’-OH of adenine in ApG in 1 M NaCl aqueous solution 
has been experimentally measured to be 12.31±0.02.7 Employing ApEt in solution as the reference, 
for which the experimentally measured pKa of the 2’-OH is 12.51±0.05 in 1 M NaCl,7 we 
calculated a shift in pKa of ~+0.8 for the 2’-OH of adenine in ApG relative to that in ApEt.  For 
this study, the experiments were performed in 1 M NaCl, while the PB/LRA calculations were 
performed in 150 mM NaCl.  Although the absolute pKa depends on ionic strength,8 we assume 
that the shift in pKa is relatively independent of ionic strength.  On the basis of our calculated shift, 
we determine the pKa of the 2’-OH group of adenine in ApG in 1 M NaCl to be ~13.3.  This value 
is ~1 pKa unit higher than the experimentally measured value of 12.31.   
To provide additional benchmarking, we calculated the pKa of G40(N1) and compared it 
to an experimentally measured value. As discussed in the main text, the pKa of G40(N1)  
corresponds to the deprotonation of State A to form States C1 and C2.  We used the free energy 
difference calculated from the ‘2’OH rearrangement’ simulations to weight the pKa values 
associated with these two states. According to these free energy simulations, State C1 is ~1 
kcal/mol lower in free energy than State C2, leading to a Boltzmann weighting of 5.4 for State C1 
relative to that for State C2.  The weighted pKa of the G40(N1) site was calculated to be ~12.8, 
employing guanosine in solution as a reference, for which the experimentally measured pKa in 
solution is 9.2.9 This value is ~2.8 units higher than the expected value of ~10.0, which is estimated 
from the following experimental pKa’s of the G(N1) site: ~9.2 for guanosine in solution, 8.05 for 
8-azaguanosine in solution,10 and 8.9±0.1 for 8-azaG40 in glmS ribozyme.11 Note that the 
estimated experimental value of ~10.0 could be shifted upward to ~10.5 based on the possibility 
that the titration may be leveling off due to alkaline denaturation. This difference between the 
calculated and experimental pKa values may arise from inconsistent Mg2+ ion concentrations 
because the PB calculations include only the 9 Mg2+ ions in the MD simulations, whereas the 
experiments include a higher Mg2+ concentration that could significantly impact the pKa values. 
Overall, these benchmarking studies suggest that the calculated pKa’s in the ribozyme may be 
overestimated by ~1-3 pKa units. 
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Table A.7. pKa Values from PB/LRA Calculations with εenv=8a 
System Calculated Experimental 
ApG (A(O2’)) 12.9 (0.3) 12.31±0.02c 
G40 (State A to C1/C2)b 11.7 (0.9) ~10.0d 
A-1 (State A to B) 16.4 (0.4) N/A 
 
aThe numbers in parentheses are standard deviations. The calculated value for ApG corresponds to 1 M 
NaCl, and the calculated values for G40 and A-1 correspond to 150 mM NaCl. 
bThe pKa of G40 is a weighted average of the value obtained from MD configurations in State C1, 11.8 
(0.9), and State C2, 11.1 (0.9). 
cExperimental data from Ref. 7. The experimental pKa for ApG (deprotonation of O2’ of A) was 
measured in 1 M NaCl.  
dObtained by extrapolation of data in Ref. 11. Note that this value could be shifted upward to at least 
~10.5 based on the possibility that the titration may be leveling off due to alkaline denaturation. 
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Figure A.13. Hydrogen-bonding interactions in ‘cleavage with external base’ simulations. (A) Distances 
between the nonbridging oxygens and the hydrogen bond donors, averaged over all configurations for 
each image in the last iteration. (B) Angles associated with these hydrogen bonds. (C) Schematic 
depiction of the four hydrogen bonds indicated by dashed red lines. 
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. 
Figure A.14. Hydrogen bond between G40(N1) and A-1(O2’) observed for ‘cleavage without external 
base’ simulations. (A) Distance between G40(N1) and A-1(O2’), referred to as r9 in Figure 2, averaged 
over all configurations for each image in the last iteration. (B) Angle associated with this hydrogen bond. 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 31 
 
The information included in this Appendix is as follows: 
• Optimization and SAXS characterization of ribozyme constructs for mechanistic studies. 
• Classical and quantum calculations support metal ion rescue in the aporibozyme. 
• Table B.1: SAXS-determined Rg, molecular weight (MW), Dmax, RMSD, and average 
excluded volume values for various apo and holoribozyme construct. 
• Table B.2: Thio effects and metal ion rescue for the glmS holoribozyme in 10 mM Mg2+. 
• Table B.3: RMSD between different glmS crystal structures. 
• Table B.4: Distances and angles from QM/MM geometry optimizations for glmS 
holoribozyme. 
• Table B.5: Thio effects and metal ion rescue for the glmS aporibozyme in 10 mM Mg2+. 
• Table B.6: Distances and angles from QM/MM geometry optimizations for glmS 
aporibozyme. 
• Figure B.1:  Optimization of RNA purification and renaturation gives a well-behaved 
ribozyme system. 
• Figure B.2:  Enzyme, GlcN6P cofactor, and MgCl2 saturation assays demonstrate that 
standard reaction conditions are under saturating conditions. 
• Figure B.3:  Small-angle X-ray scattering (SAXS) analysis of construct used for kinetics 
experiments supports well-folded, monomeric species. 
• Figure B.4:  Mass spectrometry performed on RP, SP, oxo, and dithio substrates confirms 
identity of the various substrates. 
• Figure B.5:  Active site structures from QM/MM optimizations for glmS aporibozyme 
with Mg2+ closer to the SP position. 
• Figure B.6: Classical free energy simulations support metal ion interactions. 
• References 
 
 
 
 
 
 
 
 
 
 
 
1 This chapter in its entirety was submitted as the following journal article: Bingaman, J. L.; 
Zhang, S.; Stevens, D.R.; Yennawar, N.H.; Hammes-Schiffer, S.; Bevilacqua, P.C. Nat. Chem. 
biol. 2016. Bingaman performed the experiments. Zhang and Stevens did the computational 
work. 
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Supplementary Note 1: Optimization and SAXS characterization of ribozyme constructs 
for mechanistic studies 
The enzyme RNA strand was purified by either denaturing or native preparative PAGE and then 
analyzed by denaturing or native analytical PAGE (Fig. B.1a). Denaturing PAGE purification 
afforded one band (labeled ‘DM’ for denaturing monomer) that had fast mobility on the 
analytical native PAGE, whereas native PAGE purification afforded two bands (labeled ‘NM’ 
and ‘ND’ for native monomer and dimer) that had slower and much slower mobilities as 
compared to DM on the analytical native PAGE. Each of these three enzyme species (NM, ND, 
and DM) ran identically on the denaturing PAGE confirming that they are the same length and 
not degraded (Fig. B.1a).  These enzyme species were tested for self-cleavage activity with the 
oxo substrate, under renaturation conditions determined to be optimal (see below), and all three 
enzyme species (NM, ND, and DM) reacted with similar reaction profiles (data not shown). 
Because DM migrated fastest by native PAGE (Fig. B.1a), it was deemed likely to be the most 
compact of the purified enzyme samples, which was confirmed by SAXS where the NM/ND 
mixture showed an extended SAXS envelope (see below).  The DM species was further analyzed 
by several renaturation protocols and tested for native folding by SAXS (see below).  
Several renaturation procedures were tested on the DM ribozymes. Incubation times and 
temperatures, point of MgCl2 addition, and presence or absence of an additional incubation at 
55°C and cooling at room temperature for 10 min were varied. The optimal renaturation 
identified involves incubation at 95°C for 3 min, snap-cooling on ice for 10 min, and incubation 
at 55°C for 3 min in the presence of Mg2+ followed by cooling at room temperature for 10 min. 
The oxo substrate and denaturing gel-purified enzyme subjected to this renaturation react in a 
monophasic fashion with a very fast rate constant of 80 min-1, which goes to 90% completion 
(Fig. B.1b,c). These rates are similar to those used for general acid studies on the glmS ribozyme 
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by Fedor and colleagues1.  In addition, concentrations of enzyme, GlcN6P cofactor, and MgCl2 
were saturating as determined by kinetic and binding assays (Fig. B.2). As described in the main 
text, this preparation gave large normal thio effects for the holoribozyme, indicating that 
chemistry is the rate-limiting step. 
 Small-angle X-ray scattering (SAXS) experiments were performed on the DM apo and 
holoribozymes bound to either oxo or deoxy substrates at beamline G1 at MacCHESS, the 
Macromolecular Diffraction Facility at the Cornell High Energy Synchrotron Source 
(CHESS)2,3. Samples were fractionated by size-exclusion chromatography (SEC) and analyzed 
by scattering profiles, Kratky plots, p(r) plots, molecular weight vs. elution profiles, Rg vs. 
elution profiles, and 10 DAMMIF reconstructions (Fig. B.3). The Rg values from GNOM and 
Guinier analyses are in excellent agreement (Table B.1).  Similar SAXS parameters were 
obtained for apo and holoribozymes containing oxo or deoxy substrates. The SEC traces 
consisted of a single peak, suggestive of one population with a single fold.  The Kratky plot 
returned to baseline, which suggests that the RNA is well-folded and not flexible4,5. The Rg, 
MW, and Dmax values for the aporibozyme and holoribozyme with the oxo and deoxy substrates 
were in good agreement with values calculated from the Coot-corrected crystal structure (Table 
B.1).  For example, the SAXS-measured values for aporibozyme with the oxo substrate for Rg 
(GNOM), MW (Guinier), and Dmax were 39 Å, 54.1 kDa, and 131 Å, respectively, and the 
calculated values were 30.3 Å, 47.7 kDa, and 120 Å, respectively. In addition, the SAXS profiles 
generated for these ribozymes and substrates using the online DAMMIF server overlay well with 
the crystal structure of glmS ribozyme (PDB ID 2NZ4)6 that was modified to match the 
experimental construct using Coot (Supplementary Fig. 3)7. In sum, the above analyses support 
the glmS ribozyme, purified and renatured according to the above protocol, as being a 
monomeric and natively folded species; having saturating levels of enzyme, cofactor, and Mg2+, 
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and with fast, single-exponential, and complete kinetics having chemistry as the rate-limiting 
step.  
 
Supplementary Note 2: Classical and quantum calculations support metal ion rescue in the 
aporibozyme 
The positional preference of the active site Mg2+ ion was explored by classical free energy 
simulations probing the relative free energy as the Mg2+ moves from the pro-RP to the pro-SP site 
(Fig. B.6). Thermodynamically stable configurations were found at both the pro-RP and the pro-
SP sites, as well as an intermediate region. According to the minimum free energy path (Fig. 
B.6c), the free energy of the minimum corresponding to Mg2+ closer to pro-RP (~1.8 Å from pro-
RP and ~3.8 Å from pro-SP) is ~14 kcal/mol lower in free energy than the minimum 
corresponding to Mg2+ closer to pro–SP (~3.5 Å from pro-RP and ~1.8 Å from pro-SP).  A 
shallow minimum is found with the Mg2+ midway between the pro–RP and pro–SP oxygen 
atoms, which is even higher in free energy than either of the two other positions. During these 
free energy simulations, when the Mg2+ ion is coordinated to pro–RP, the A-1(O2’):pro–RP 
hydrogen bond is disrupted, whereas it is formed consistently when the Mg2+ ion is coordinated 
to pro–SP.   These results suggest that the Mg2+ ion can interact with either non-bridging oxygen 
but is thermodynamically favored to be coordinated to pro–RP, where it breaks the hydrogen 
bond to A–1(O2’), most likely because it is less crowded near pro–RP than pro–SP.  
With this in mind, we then examined systems in which the Mg2+ ion was coordinated to 
either pro–RP or pro–SP atoms using several different calculations: classical MD simulations, 
QM/MM geometry optimizations, and QM/MM MD simulations.  Here we describe calculations 
for the oxo substrate; companion studies with thio substrates are described below. In the classical 
MD trajectories with Mg2+ coordinated to pro–RP, the A-1(O2’):pro–RP hydrogen bond was 
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completely disrupted; specifically, the average A-1(O2’):pro–RP distance was 4.88 Å, while the 
average angle associated with this hydrogen bond was 71.6°. In the QM/MM geometry 
optimizations, minima with either a completely disrupted or a stable but weakened A-
1(O2’):pro–RP hydrogen bond (Fig. 3.5a) were found. Because classical MD simulations may 
not be able to reliably describe the interactions between the Mg2+ ion and the ribozyme, a 1 ps 
nonequilibrium QM/MM MD trajectory was propagated to sample the conformational space near 
the configuration depicted in Fig. 3.5a.  In this QM/MM MD trajectory, the weak hydrogen bond 
remained with an average distance of 3.21 Å between A-1(O2’) and pro-RP oxygen, while the 
Mg2+ ion remained coordinated to the pro-RP oxygen.  
When the Mg2+ ion is near pro–SP oxygen atom, the A-1(O2’):pro–RP hydrogen bond was 
observed consistently in the classical MD trajectories, with an average A-1(O2’):pro–RP distance 
of 2.65 Å and an average hydrogen bond angle of 162.7°. The structure obtained from the 
QM/MM geometry optimization with the Mg2+ ion near pro–SP oxygen is similar to that 
observed during the classical MD trajectories (Fig. B.5a).  
We repeated QM/MM geometry optimizations for the thio substrates for configurations with 
the Mg2+ ion coordinated to either pro-RP or pro-SP atoms, as depicted in Fig 3.5 and Fig. B.5, 
respectively. Table B.6 summarizes the hydrogen bond distances and angles for the optimized 
geometries.  When the Mg2+ ion is coordinated to pro-RP position, the A-1(O2’):pro-RP hydrogen 
bond is relatively weak but stable, with a distance of 3.21 Å between the two oxygen atoms (Fig. 
3.5a).  Thio substitution at pro-RP atom in the Mg:pro-RP background disrupts this hydrogen 
bond, as indicated by the hydrogen bond angle of 67.9° (Fig. 3.5b), while thio substitution at 
pro-SP atom does not significantly impact this hydrogen bond (Fig. 3.5c).  When the Mg2+ ion is 
coordinated to pro-SP position, the A-1(O2’):pro-RP hydrogen bond is quite stable, with a 
distance of 2.68 Å between the two oxygen atoms and a hydrogen bond angle of 161° (Fig. 
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B.5a).   Thio substitution at pro-RP atom in the Mg:pro-SP background weakens but does not 
break this hydrogen bond, as indicated by a hydrogen bond distance of 3.41 Å and an angle of 
160° (Fig. B.5b).  Again, thio substitution at pro-SP does not significantly impact this hydrogen 
bond (Fig. B.5c). These results are consistent with the experimentally observed inverse thio 
effect at pro-RP because thio substitution at the pro-RP position disrupts the inhibitory hydrogen-
bonding interaction between pro-RP and A-1(O2’). 
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Figures and Tables 
 
Table B.1. SAXS-determined Rg, molecular weight (MW), Dmax, RMSD, and average 
excluded volume values for various apo and holoribozyme constructsa 
Conditions Rg 
(Guinier) 
(Å) 
Rg 
(GNOM) 
(Å) 
MW 
(Guinier)  
(kDa) 
Dmax 
(Å) 
RMS
D 
(Å)b 
Excluded 
volume 
(Å3) 
Aporibozyme  
oxo substrate 
36.0 39 ± 1 54.1 131 2.72 124,200 
       
Aporibozyme 
deoxy 
substrate 
35.5 36 ± 2 55.1 106 2.17 102,000 
       
Holoribozym
e 
deoxy 
substrate 
36.1 38 ± 1 53.7 113 2.07 110,000 
aThe values of Rg, MW, and Dmax were calculated for the Coot-corrected crystal structure 
(PDB ID 2NZ4) to be 30.3 Å, 47.7 kDa, and 120 Å. bGenerated by SUPCOMB using the 
DAMFILT models and Coot-corrected crystal structure (PDB ID 2NZ4). 
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Table B.2.  Thio effects and metal ion rescue for the glmS holoribozyme in 10 mM Mg2+. 
Ionic conditions Substrate kobs (min-
1)b 
Amplitude 
(%)c 
kO/kSd Metal ion 
rescuee 
10 mM Mg2+ oxo 80 ± 20 90 ± 4 - - 
 oxoa 50 ± 3 82 ± 1 - - 
 RP 0.40 ± 
0.05 
66 ± 2 200 ± 
50 
- 
 RPa 0.33 ± 
0.04 
59 ± 1 150 ± 
20 
- 
 SP 5 ± 1 53 ± 4 15 ± 5 - 
 dithio 0.009 ± 
0.001 
75 ± 6 9000 ± 
3000 
- 
      
10 mM Mg2+  
with 0.01 µM Cd2+ 
oxo 60 ± 10 86 ± 1 - - 
oxoa 48 ± 2 81.7 ± 0.4 - - 
 RPa 0.33 ± 
0.01 
58 ± 1 145 ± 9 1.0 ± 0.1 
 SP 7.6 ± 0.4 46 ± 2 8 ± 1 1.8 ± 0.7 
 dithio 0.010 ± 
0.002 
80 ± 3 6000 ± 
2000 
1.5 ± 0.5 
      
10 mM Mg2+  
with 0.1 µM Cd2+ 
oxo 70 ± 20 83 ± 2 - - 
oxoa 49 ± 2 83 ± 2 - - 
 RPa 0.36 ± 
0.07 
61 ± 3 140 ± 
30 
1.1 ± 0.3 
 SP 8 ± 1 49 ± 2 8 ± 2 1.8 ± 0.8 
 dithio 0.0088 ± 
0.0009 
80.1 ± 0.6 8000 ± 
2000 
1.2 ± 0.5 
      
10 mM Mg2+  
with 1 µM Cd2+ 
oxo 59 ± 2 87 ± 2 - - 
oxoa 47 ± 4 79 ± 2 - - 
 RPa 0.34 ± 
0.04 
60 ± 3 140 ± 
20 
1.1 ± 0.2 
 SP 3 ± 1 54 ± 3 17 ± 5 0.9 ± 0.4 
 dithio 0.0078 ± 
0.0007 
76 ± 7 7600 ± 
700 
1.2 ± 0.3 
      
10 mM Mg2+  
with 10 µM Cd2+ 
oxo 56 ± 3 90 ± 3 - - 
oxoa 50 ± 4 80 ± 1 - - 
 RPa 0.30 ± 
0.05 
58 ± 3 160 ± 
30 
0.9 ± 0.2 
 SP 4.0 ± 0.6 53 ± 2 14 ± 2 1.1 ± 0.4 
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Table B.2. (cont.) 
 dithio 0.0094 ± 0.0008 75.9 ± 
0.8 
5900 ± 
600 
1.6 ± 0.5 
      
10 mM Mg2+  
with 100 µM Cd2+ 
oxo 52 ± 8 90 ± 3 - - 
oxoa 38.8 ± 0.6 79 ± 3 - - 
 RPa 0.20 ± 0.03 60 ± 4 200 ± 30 0.7 ± 0.1 
 SP 3.5 ± 0.6 50 ± 5 15 ± 3 1.0 ± 0.4 
 dithio 1.3 ± 1.3 23 ± 4 40 ± 40 200 ± 200 
      
10 mM Mg2+  
with 1 mM Cd2+ 
oxo 40 ± 10 91.96 ± 
0.08 
- - 
oxoa 33 ± 6 72 ± 3 - - 
 RPa 0.13 ± 0.02 46 ± 2 270 ± 60 0.6 ± 0.1 
 SP 2.3 ± 0.1 58.8 ± 
0.2 
18 ± 4 0.8 ± 0.4 
 dithio 2 ± 1 26 ± 4 20 ± 10 600 ± 400 
      
10 mM Mg2+  
with 2 mM Cd2+ 
oxo 33 ± 4 84 ± 6 - - 
oxoa 27.9 ± 0.4 76.8 ± 
0.6 
- - 
 RPa 0.16 ± 0.07 41 ± 4 170 ± 80 0.9 ± 0.4 
 SP 1.8 ± 0.1 51.7 ± 
0.9 
18 ± 3 0.8 ± 0.3 
 dithio 3 ± 1 30 ± 4 13 ± 7 700 ± 500 
      
3 M K+ oxo (1.71 ± 0.06) x 
10-1 
86 ± 4 - - 
 RP (5 ± 1) x 10-4 20 ± 2 340 ± 90 - 
 SP (6.3 ± 0.3) x 10-4 68.7 ± 
0.6 
270 ± 20 - 
 dithio (4.1 ± 0.4) x 10-4 4 ± 1 410 ± 40 - 
a Renaturation consisting of heating at 95 oC for 3 min and snap cooling on ice for 10 min, with the 
additional step of heating at 55 oC for 3 min and cooling at room temperature for 10 min omitted to 
avoid extensive cleavage before initiation with GlcN6P).  
b kobs is measured with the specified concentration of Cd2+ in a background of 10 mM Mg2+. Error 
represents standard deviation of three or more measurements.  
c Amplitude is measured as the size of the phase of cleavage rather than the final percent cleaved.  
d The thio effect is calculated as the ratio of kO/kS for the corresponding condition as described in 
equation (3).  
e Metal ion rescue is calculated as described in equation (4). 
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Table B.3. RMSD between different glmS crystal structures.a 
Structures Active site RMSD  (Å)b 
Whole ribozyme RMSD  
(Å)c 
2NZ4d and 3G8Se 0.62 3.99 
2NZ4d and 2Z75f 0.51 N/A 
3G8Se and 2GCSg 0.63 N/A 
aExperiments were conducted on the glmS ribozyme from Bacillus anthracis while calculations 
were on the glmS ribozyme from Thermoanaerobacter tengcongensis.  The structures are 
virtually identical at the active site as supported by the table above.  Nucleotide numbering used 
in the text is from B. anthracis.  bThe active site for the apo glmS includes A-1, G1, and the 
general base guanine residue G33/G40. The active site for the holo glmS includes the above three 
residues plus the cofactor. The highly flexible unpaired A-1 nucleotide base is excluded in the 
active site RMSD calculations.  cThe glmS ribozymes from different species have different 
sequences except for some conservative regions and thus are not compared.  dThe holoribozyme 
glmS from Bacillus anthracis6 used in the experiments for the present paper.  eThe aporibozyme 
glmS from Bacillus anthracis8 used in the experiments for the present paper.  fThe holoribozyme 
glmS from Thermoanaerobacter tengcongensis9 used in the calculations for the present paper.  
gThe aporibozyme glmS from Thermoanaerobacter tengcongensis10 used in the calculations for 
the present paper.
  
 
Table B.4. Distances and angles from QM/MM geometry optimizations for glmS 
holoribozyme. 
aInitial structure has a hydrogen bond between G57(N2) and RP and between GlcN6P(O1) and 
RP.  
bInitial structure has a hydrogen bond between A-1(O2’) and RP and between GlcN6P(O1) and 
RP. 
cInitial structure has a hydrogen bond between G57(N1) and RP and between G57(N2) and RP. 
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Table B.4. (cont.) 
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Table B.5.  Thio effects and metal ion rescue for the glmS aporibozyme in 10 mM Mg2+. 
Ionic conditions Substrate kobs (min-
1)a 
Amplitude 
(%)b 
kO/kSc kS/kOd Metal ion 
rescuee,f 
10 mM Mg2+ oxo (9 ± 3) x 
10-5 
88 ± 4 - - - 
 RP (2.7 ± 0.1) 
x 10-3 
56 ± 1 (3 ± 1) x 10-2 30 ± 9 - 
 SPf (8 ± 1) x 
10-4 
9.1 ± 0.5 (1.2 ± 0.4) x 
10-1 
9 ± 3 - 
 dithiof (1.3 ± 0.1) 
x 10-3 
10 ± 1 (7 ± 2) x 10-2 14 ± 5 - 
       
10 mM Mg2+ with 
0.01 µM Cd2+ 
oxo (4.6 ± 0.8) 
x 10-5 
49 ± 1 - - - 
 RP (2.6 ± 0.1) 
x 10-3 
60 ± 2 (1.8 ± 0.3) x 
10-2 
60 ± 10 1.9 ± 0.7 
 SP (1.6 ± 0.7) 
x 10-3 
8 ± 4 (3 ± 1) x 10-2 30 ± 20 4 ± 2 
 dithio (2 ± 1) x 
10-3 
10 ± 1 (2 ± 1) x 10-2 40 ± 30 3 ± 2 
       
10 mM Mg2+ with 
0.1 µM Cd2+ 
oxo (5.2 ± 0.7) 
x 10-5 
48.7 ± 0.1 - - - 
 RP (2.7 ± 0.3) 
x 10-3 
60 ± 2 (1.9 ± 0.3) x 
10-2 
51 ± 9 1.7 ± 0.6 
 SP (2 ± 1) x 
10-3 
6.4 ± 0.6 (2 ± 1) x 10-2 40 ± 20 5 ± 3 
 dithio (4 ± 2) x 
10-3 
8 ± 1 (1.4 ± 0.8) x 
10-2 
70 ± 40 5 ± 3 
       
10 mM Mg2+ with 
1 µM Cd2+ 
oxo (4.8 ± 0.1) 
x 10-5 
49 ± 2 - - - 
 RP (2.8 ± 0.4) 
x 10-3 
61 ± 4 (1.8 ± 0.3) x 
10-2 
57 ± 9 1.9 ± 0.7 
 SP (3 ± 1) x 
10-3 
6.5 ± 0.7 (1.8 ± 0.7) x 
10-2 
60 ± 20 7 ± 4 
 dithio (3 ± 1) x 
10-3 
11 ± 2 (2 ± 1) x 10-2 50 ± 30 4 ± 2 
       
10 mM Mg2+ with 
10 µM Cd2+ 
oxo (4.4 ± 0.5) 
x 10-5 
49.8 ± 0.7 - - - 
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Table B.5. (cont.) 
 RP (3.9 ± 0.3) 
x 10-3 
60 ± 3 (1.1 ± 0.2) x 
10-2 
90 ± 10 3 ± 1 
 SP (2.9 ± 0.9) 
x 10-3 
8.6 ± 0.5 (1.5 ± 0.5) x 
10-2 
70 ± 20 8 ± 4 
 dithio (3.0 ± 0.6) 
x 10-3 
11.3 ± 0.9 (1.5 ± 0.4) x 
10-2 
70 ± 20 5 ± 2 
       
10 mM Mg2+ with 
100 µM Cd2+ 
oxo (9 ± 9) x 
10-5 
40 ± 20 - - - 
 RP (1.35 ± 
0.08) x 10-
2 
56 ± 1 (6 ± 6) x 10-3 200 ± 
200 
5 ± 6 
 SP (8 ± 2) x 
10-3 
7.3 ± 0.4 (1 ± 1) x 10-2 100 ± 
100 
12 ± 13 
 dithio (1 ± 2) x 
10-3 
20 ± 8 (6 ± 9) x 10-2 20 ± 30 1 ± 2 
       
10 mM Mg2+ with 
1 mM Cd2+ 
oxo (8.5 ± 0.5) 
x 10-5 
88 ± 6 - - - 
 RP (6.7 ± 0.9) 
x 10-2 
56 ± 2 (1.3 ± 0.2) x 
10-3 
800 ± 
100 
26 ± 9 
 SP (7 ± 2) x 
10-2 
5.3 ± 0.2 (1.2 ± 0.4) x 
10-3 
800 ± 
300 
100 ± 50 
 SP (slow 
phase) 
(5 ± 3) x 
10-4 
40 ± 20 (1.6 ± 0.9) x 
10-1 
6 ± 4 0.7 ± 0.5 
 dithio (1.2 ± 0.6) 
x 10-2 
21 ± 4 (7 ± 3) x 10-3 140 ± 70 10 ± 6 
       
10 mM Mg2+ with 
2 mM Cd2+ 
oxo (1.2 ± 0.1) 
x 10-4 
61 ± 6 - - - 
 RP (1.0 ± 0.1) 
x 10-1 
48 ± 5 (1.2 ± 0.2) x 
10-3 
800 ± 
100 
30 ± 10 
 SP (6 ± 1) x 
10-2 
5 ± 2 (2.0 ± 0.5) x 
10-3 
500 ± 
100 
60 ± 20 
 SP (slow 
phase) 
(8 ± 3) x 
10-4 
37 ± 9 (1.6 ± 0.6) x 
10-1 
6 ± 2 0.7 ± 0.4 
 dithio (2.0 ± 0.6) 
x 10-2 
28 ± 1 (6 ± 2) x 10-3 170 ± 60 12 ± 6 
       
1 mM Mg2+ oxo (2.9 ± 0.2) 
x 10-5 
87.2 ± 0.2 - - - 
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Table B.5. (cont.) 
 RP (1.4 ± 0.4) 
x 10-3 
22 ± 2 (2.0 ± 0.6) x 
10-2 
50 ± 10 - 
       
5 mM Mg2+ oxo (7.0 ± 0.2) 
x 10-5 
86.9 ± 0.5 - - - 
 RP (2.1 ± 0.3) 
x 10-3 
23 ± 2 (3.4 ± 0.5) x 
10-2 
30 ± 4 - 
       
50 mM Mg2+ oxo (1.68 ± 
0.06) x 10-
4 
85.4 ± 0.8 - - - 
 RP (2.8 ± 0.3) 
x 10-3 
25.8 ± 0.7 (5.9 ± 0.6) x 
10-2 
17 ± 2 - 
aRenaturation consists of heating at 95oC for 3 min and snap cooling on ice for 10 min. kobs is 
measured with the specified concentration of Cd2+ in a background of 10 mM Mg2+. Error 
represents standard deviation of three or more measurements. bAmplitude is measured as the size 
of the phase of cleavage rather than the final percent cleaved. Conditions without an amplitude are 
fit to a line. cThe thio effect is calculated as the ratio of kO/kS for the corresponding condition 
(equation (3)).  dThe inverse thio effect is calculated as the ratio of kS/kO.  eMetal ion rescue is 
calculated as described.  fIn the absence of Cd2+, extents of reaction for the SP and dithio substrates 
were similar to the oxo substrate, which led to uncertainty in the rates. The metal ion rescues for 
the SP and dithio substrates should be taken as a lower limit.  
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Table B.6. Distances and angles from QM/MM geometry optimizations for glmS 
aporibozyme. 
Conformation Mg
2+:RP  
    (Å) 
Mg2+:SP  
    (Å) 
A-1(O2’):RP  
     (Å) 
A-1(O2’):H:RP  
        (°) 
Mg2+ closer to pro-RP (see Fig.3.5)   
oxo 2.03 4.26 3.37 144 
RP 2.58 4.95 3.21 67.9a 
SP 2.10 4.50 3.46 134 
Mg2+ closer to pro-SP (see Fig. 3.5)   
oxo 3.62 1.92 2.68 161 
RP 2.69 2.02 3.41b 160 
SP 3.93 2.51 2.78 158 
aWhen the Mg2+ is closer to the pro-RP position, the RP thio substitution breaks the weak A-
1(O2’):RP hydrogen bond, as indicated by the hydrogen-bonding angle. bWhen the Mg2+ is closer 
to the pro-SP position, the RP thio substitution weakens the A-1(O2’):RP hydrogen bond, as 
indicated by the larger hydrogen-bonding distance. 
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Figure B.1.  Optimization of RNA purification and renaturation gives a well-behaved 
ribozyme system. (a) 8% native and denaturing PAGE of various renatured enzyme species:  
native gel-purified monomer (lane 1; NM) and dimer (lane 3; ND), and denaturing gel-purified 
enzyme (lane 4; DM).  The second lane in both gels is a sample where NM and ND species were 
mixed (lane 2; NM+ND).  The native gel suggests that DM, in addition to being homogenous, is 
the most compact of all enzyme species. Purification of the enzyme strand by denaturing gel 
electrophoresis was thus adopted as the standard purification technique. The native gel running 
buffer consists of 1X THE and 10 mM MgCl2. Bands were visualized with SYBR Gold staining. 
The denaturing gel confirms that all enzyme species are the same length. (b) Denaturing PAGE 
(18% acrylamide) of time points from a reaction with 0.25 nM oxo substrate and 100 nM 
denaturing gel-purified enzyme at 37 oC and pH 7 with 10 mM MgCl2 and 10 mM GlcN6P 
performed by rapid-mixing. The RNA was renatured according to the standard renaturation 
protocol described in the main text. (c) Plot of fraction of substrate cleaved versus time for the gel 
shown in Panel b.  Experiments were performed in triplicate and gave an average rate constant of 
80 ± 20 min-1 (t1/2 ~ 0.5 s) and an amplitude of 90 ± 4%.  Thus, the reaction kinetics of cleavage 
are fast, monophasic, and complete, consistent with a single, well-folded ribozyme species. 
  
a b 
c 
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Figure B.2.  Enzyme, GlcN6P cofactor, and MgCl2 saturation assays demonstrate that 
standard reaction conditions are under saturating conditions. (a) Kinetic assays show that 
increasing the concentration of enzyme five-fold does not affect the observed rate constant under 
standard reaction conditions, provided at the bottom of this caption. (b) Gel shift assays show 
that 100 nM enzyme, indicated with an arrow, is saturating. Fitting where the Hill coefficient 
was kept at 1 gave a Kd of 1.5 ± 0.2 nM. The 200 nM enzyme data point was omitted from the 
fit. (c) Kinetic assays show that increasing the concentration of GlcN6P cofactor two-fold does 
not affect the observed rate constant under standard reaction conditions. (d) Kinetic assays 
demonstrate that increasing the concentration of MgCl2 two-fold does not significantly affect the 
observed rate constant under standard reaction conditions. Standard reaction conditions are ~0.25 
nM substrate, 100 nM enzyme, 50 mM HEPES (pH 7.0), 50 mM Na+, and 10 mM Mg2+.  
  
 
 162 
 
90°  
rotation 
90°  
rotation 
a 
b 
Figure B.3. 
 163 
 
Figure B.3. (cont.)  Small-angle X-ray scattering (SAXS) analysis of construct used for 
kinetics experiments supports well-folded, monomeric species. Subtracted scattering profiles 
(I(q) vs. q), dimensionless Kratky plots (I(q)q2 vs. q), p(r) plots, SEC traces (gray/red) overlaid 
with molecular weight (black), SEC traces (gray/red) overlaid with Rg (black), experimental 
scattering data (red points) overlayed with calculated scattering data for the Coot-corrected crystal 
structure (black curve; I(q) vs. q), and DAMMIN reconstructions overlaid with the modified 2NZ4 
crystal structure for the (a) oxo aporibozyme, (b) deoxy aporibozyme, and (c) deoxy 
holoribozyme. These data suggest the experimental construct is well-folded and monomeric, with 
at most a small percentage exhibiting dimeric or aggregate characteristics. The final item in panel 
a is the same as panel c of Fig. 1 in the main text. 
  
c 
90°  
rotation 
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Figure B.4.  Mass spectrometry performed on RP, SP, oxo, and dithio substrates confirms 
identity of the various substrates. Actual (and expected) masses for each substrate are (a) RP 
substrate: 6086.463 amu (6081.8 amu), (b) SP substrate: 6085.591 amu (6081.8 amu), (c) oxo 
substrate: 6069.417 amu (6065.8 amu), and (d) dithio substrate: 6100.687 amu (6097.9 amu). 
  
a 
b 
c 
d 
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Figure B.5.  Active site structures from QM/MM optimizations for glmS aporibozyme with 
Mg2+ closer to the SP position. The Mg2+ ion is represented by the cyan sphere and is closer to 
the SP position in these conformations.  Only key residues are shown.  Sulfur substitution is 
indicated by yellow, and hydrogen bonds are indicated by black dashed lines. The optimized 
geometries are for the (a) oxo substrate, (b) RP thio substrate, and (c) SP thio substrate.  Note that 
the RP thio substitution has a lengthened and thus weakened A-1(O2’):RP hydrogen bond (denoted 
with grey dashed line in panel b), whereas the SP thio substitution has not significantly altered this 
hydrogen bond (panel c).  The A-1(O2’):RP distances are labeled in the figure. See Supplementary 
Table 6 for additional distances and angles associated with these three conformations. 
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Figure B.6. Classical free energy simulations support metal ion interactions. (a) Definition of 
reaction coordinates. (b) 2D free energy projection. Black line indicates the minimum free energy 
path (MFEP). Color bar indicates free energy value and has unit of kcal/mol.  (c) Free energy 
profile along the MFEP.  
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 41 
 
 
The information included in this Appendix is as follows: 
• Classical MD simulation protocol 
• QM/MM geometry optimization protocol 
• Classical and QM/MM free energy simulation protocol 
• Figure C.1: Comparison of different analysis strategies for free energy simulations 
• PB/LRA protocol 
• Figure C.2: Secondary structure of the glmS ribozyme 
• Figure C.3: Results of free energy simulations for Site 1 Mg2+ ion movement 
• Table C.1: Results of QM/MM geometry optimizations with Site 1 Mg2+ ion 
• Figure C.4: Representative configurations for dN1 and dO2’ states 
• Figure C.5: Results of QM/MM free energy simulations for cleavage reaction 
• Figure C.6: Results of free energy simulations for Site 2 Mg2+ ion movement 
• Table C.2: Results of QM/MM geometry optimizations for Site 2 Mg2+ ion 
• References 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 This chapter in its entirety was submitted as a journal article for J. Phys. Chem. Lett.. Sixue 
Zhang performed the classical MD simulations and free energy simulations. David R. Stevens 
performed the QM/MM geometry optimizations. Puja Goyal performed the pKa calculations. 
Philip C. Bevilacqua and Sharon Hammes-Schiffer provided valuable scientific help in this 
work.  
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Classical MD Simulation Protocol 
The glmS ribozyme system was modified from a pre-cleavage state crystal structure 
(PDB ID 2Z75). All crystallographic Mg2+ ions were included, and one additional Mg2+ ion was 
manually added to the active site using Maestro in the Schrödinger software package.1 The 
system was solvated by TIP3P water molecules, neutralized by adding Na+ ions, and then 
buffered by adding ~0.15 M NaCl.  The ribozyme was described by the AMBER 12 force field 
(AMBER FF12).2 The partial charges for the non-canonical residues and the cofactor were 
obtained from the RESP procedure and are given elsewhere.3 The GPU-accelerated AMBER 
program4 was used to perform the classical MD simulations. 
The equilibration procedure was as follows.  Initially a minimization procedure involving 
seven steps was performed. In the first step, the solvent (water and ions) was minimized while 
maintaining restraints on the solute (ribozyme) atoms with a force constant of 100 kcal mol-1 Å-2. 
In the second step, the solvent plus the hydrogen atoms of the solute were minimized while 
maintaining restraints on the heavy atoms of the solute with the same force constant. In the 
subsequent four steps, the full system was minimized while decreasing the force constant of the 
restraints on the backbone of the ribozyme from 100 to 50 to 10 and finally to 1 kcal mol-1 Å-2. 
The seventh step was a full system minimization without restraints. After minimization, a 200 ps 
NVT simulated annealing procedure was performed to raise the temperature of the system from 
zero to 300 K, while maintaining restraints on the solute with a force constant of 1 kcal mol-1 Å-2. 
A 5 ns full system NPT equilibration and a 1 ns NVT equilibration were then performed 
sequentially. In some cases, restraints were placed on the key hydrogen bonds in the active site 
during the minimization and the first two equilibration steps. Following equilibration, a series of 
50 ns MD trajectories in the NVT ensemble at 300 K was propagated. All equilibration and 
production trajectories used periodic boundary conditions and the Particle Mesh Ewald method 
for long-range electrostatics.5  
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QM/MM Geometry Optimization Protocol 
 
The initial configurations were obtained from the equilibrated classical MD simulations.  
The solvent for each system was truncated to include a solvent layer extending 10 Å from the 
ribozyme. The QM/MM geometry optimization for each system was performed with the 
CHARMM6/Q-Chem7 interface. The QM region contained A-1, G1, G40, the GlcN6P cofactor, 
and an active site Mg2+ ion and was treated at the DFT B3LYP level with the 6-31G** basis set. 
The MM region was described by the AMBER FF12 force field. Hydrogen capping was used to 
treat the boundary between the QM and MM region.  Only the region within a sphere with an 18 
Å radius centered at the scissile phosphate was optimized.  
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Free Energy Simulation Protocol 
A finite temperature string method combined with umbrella sampling was employed for 
the free energy simulations.8-10,3 The initial pathways were constructed by linear interpolation 
from a reactant to a product structure obtained from QM/MM geometry optimizations. The 
reaction coordinates were chosen to be relevant distances for the process studied.  The classical 
free energy simulations were performed with CHARMM using the AMBER ff12SB force field. 
The QM/MM free energy simulations were performed with CHARMM interfaced with Q-Chem. 
The QM/MM methodology was the same as that used for the QM/MM geometry optimizations. 
For the full cleavage simulations, the QM region contained A-1, G1, G40, GlcN6P, and the 
active site Mg2+ ion. For the proton transfer simulations, the QM region only contained the sugar 
ring of A-1, the nucleotide base of G40, and the active site Mg2+ ion. The computational details 
of the methodology, including the equilibration procedure and the length of the trajectories per 
image per iteration, are given elsewhere.10,3 The reaction coordinates, number of images, and 
number of iterations for each free energy simulation are given in the caption of the 
corresponding figure.  The weighted histogram analysis method (WHAM)11 was used to unbias 
the umbrella sampling data to generate the multidimensional free energy surface. The free energy 
barriers in the minimum free energy path (MFEP) were then calculated. Due to sampling 
limitations, the active site Mg2+ ion was not always coordinated to six ligands in some of the 
configurations.  When calculating the free energy surfaces, these configurations were discarded 
because they were considered to be non-physical.  However, discarding these configurations did 
not qualitatively change the free energy surfaces, as illustrated in Figure C.1. 
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Figures and Tables 
 
Figure C.1. Comparison of different analysis strategies for the free energy simulations. This 
example is the 1D free energy profile shown in Figure C.4C. The red line is the free energy 
profile obtained when using all of the data points to calculate the free energy surface. The blue 
line is the free energy profile obtained when using only data points in which the active site Mg2+ 
ion has six coordinated ligands to calculate the free energy surface. In this example, 23.9% of the 
data was discarded to generate the blue line from the red line. The free energy barrier changed 
from 30.9 kcal/mol to 32.2 kcal/mol, indicating that eliminating these data points does not 
qualitatively alter the free energy surface. 
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PB/LRA Protocol 
Poisson-Boltzmann (PB) calculations along with the linear response approximation (LRA) 
allow the estimation of the pKa of a residue in the ribozyme environment relative to its pKa in 
solution.12,13,3 The pKa shift is dominated by electrostatics and calculated for a residue AH as 
 
AH,env AH,aqA ,env A ,aq
a a a
( ) ( )
p p (env) p (aq)
2.303
G G G G
K K K
RT
- -- - -
D = - =   
where R is the gas constant, “env” denotes the ribozyme environment and “aq” denotes aqueous 
solution. Substituting the known value of the pKa of the residue in solution provides the pKa of the 
residue in the ribozyme. A value of 4 for the dielectric constant of the environment in the PB 
calculations (εenv), in combination with structures sampled from an MD trajectory for each 
protonation state, was found to be satisfactory in our previous study3 and was used in this work. 
The pKa shifts obtained using snapshots for the two protonation states were averaged in an LRA 
framework to obtain the final pKa shift. 
This approach was used to calculate the pKa of G40(N1). Fifty snapshots with the same 
active site hydrogen bonding patterns from a 50 ns MD trajectory were selected for each 
protonation state. As was found necessary in our previous study,3 all explicit ions in the primary 
box used in the MD simulations were retained in the PB calculations. For the PB calculations of 
the reference species in solution, the residue of interest was extracted from the ribozyme 
environment and placed in a dielectric continuum with ε = 80. The pKa calculations for G40 (N1) 
used a reference of guanosine and implicit ions. Other details of the calculations remain the same 
as in our previous study.3 
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Figure C.2. Secondary structure of the glmS holoribozyme from Thermoanaerobacter 
tengcongensis. The active site residues A-1, G1, G40 and the cofactor are shown in red. Bold 
solid black lines indicate the interactions between the cofactor and other residues. The sequence 
corresponds to a crystal structure (PDB ID 2z75) in the following article: Klein, D. J.; 
Wilkinson, S. R.; Been, M. D.; Ferre-D'Amare, A. R. Requirement of Helix p2.2 and Nucleotide 
g1 for Positioning the Cleavage Site and Cofactor of the glmS Ribozyme. J. Mol. Biol. 2007, 
373, 178-189. 
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Figure C.3. Results from the classical free energy simulations probing the movement of the 
Mg2+ ion from near pro-RP to near pro-SP. (A) Definition of reaction coordinates, as indicated by 
blue double-headed arrows. (B) Two-dimensional projection of the free energy surface onto the 
reaction coordinates associated with the distance between the Mg2+ ion and the pro-RP or pro-SP 
oxygen atom. The dotted black line denotes the MFEP. (C) One-dimensional free energy profile 
along the MFEP shown in (B). These simulations used 30 images along the string, and 10 
iterations of data were collected. 
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 Table C.1. Distances and Angles from QM/MM Geometry Optimizations with Mg2+ Ion at 
Cleavage Sitea 
 
a The species labels refer to the protonation states of A-1(O2’) and G40(N1) and the position of 
the Mg2+ ion at the cleavage site.  Distances are given in Angstroms, and the corresponding 
donor-hydrogen-acceptor angles are given in degrees in parentheses. Similar hydrogen-bonding 
patterns were determined from classical MD simulations, as given in Table 4.1. The systems 
with N/A under Mg2+ position do not have a Mg2+ near the cleavage-site or near the Hoogsteen 
face of G40. 
b The number before the slash is the Mg2+:pro-SP distance, and the number after the slash is the 
Mg2+:pro-RP distance. 
c Note that the Mg2+ ion moved above the plane comprised of the phosphorous and the pro-RP and 
pro-SP oxygens and is coordinated to dO2’, pro-RP, and pro-SP. 
  
Species Mg
2+ positionb GlcN6P(O1):pro-RP G40(N1):A-1(O2’) 
Canonical N/A 2.68 (159) 3.20 (153) 
Canonical Mg2+@SP 2.00/3.38 2.69 (157) 3.21 (163) 
Canonical  Mg2+@RP 3.66/2.00 2.59 (123) 3.50 (140) 
dO2’ N/A 2.57 (173) 3.02 (167) 
 dO2’ with Mg2+ c 2.20/2.12 2.69 (155) 2.59 (171) 
dN1  N/A 2.63 (162) 2.87 (171) 
dN1 Mg2+@SP 1.95/3.59 2.65 (161) 2.90 (169) 
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Figure C.4. Representative configurations for the (A) dN1 state and (B) dO2’ state. The structures 
were obtained from QM/MM geometry optimizations. The cleavage site Mg2+ ion is depicted as a cyan 
sphere. Dashed lines indicate important hydrogen bonds. The pro-SP and pro-RP oxygens are labeled as S 
and R respectively. The Mg2+ ion is near the pro-SP oxygen and the G40(N1) in (A) and is near the A-
1(O2’) and both the pro-SP and pro-RP oxygens in (B).  
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Figure C.5. Results from the QM/MM free energy simulations of the self-cleavage reaction with 
a Mg2+ ion at the cleavage site. (A) Definition of reaction coordinates, as indicated by blue 
double-headed arrows. (B) Two-dimensional projection of the free energy surface onto the 
reaction coordinates associated with the breaking and forming of the A-1(O2’)-P and A-1(O5’)-P 
bonds, respectively, and the proton transfer from the cofactor to A-1(O5’).  The dotted black line 
denotes the MFEP. (C) One-dimensional free energy profile along the MFEP shown in (B). (D) 
Changes of the key reaction coordinates and the distance between the cleavage site Mg2+ and A-
1(O2’) along the string shown in (B). These simulations used 28 images along the string, and 20 
iterations of data were collected. 
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Figure C.6. Results from the classical free energy simulations probing the movement of the 
Mg2+ ion from near G40(O6) to near G40(N7). (A) Definition of reaction coordinates, as 
indicated by blue double-headed arrows. (B) Two-dimensional projection of the free energy 
surface onto the reaction coordinates associated with the distance between the Mg2+ ion and the 
G40(O6) or G40(N7). The dotted black line denotes the MFEP. (C) One-dimensional free energy 
profile along the MFEP shown in (B). These simulations used 15 images along the string, and 8 
iterations of data were collected. 
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Table C.2. Distances and Angles from QM/MM Geometry Optimizations with Mg2+ Ion 
Near Hoogsteen Face of G40a 
 
a The species labels refer to the protonation states of A-1(O2’) and G40(N1) and the position of 
the Mg2+ ion at the Hoogsteen face of G40.  Distances are given in Angstroms, and the 
corresponding donor-hydrogen-acceptor angles are given in degrees in parentheses. Similar 
hydrogen-bonding patterns were determined from classical MD simulations, as given in Table 
4.2, except that some of these hydrogen bonds were not retained after conformational sampling 
in the classical MD simulations. 
b The dN1 state without G40(N1):A-1(O2’) hydrogen bond 
c The dN1 state with G40(N1):A-1(O2’) hydrogen bond 
d The number before the slash is the Mg2+:G40(O6) distance, and the number after the slash is 
the Mg2+:G40(N7) distance.  
  
Species Mg
2+ positiond GlcN6P(O1):pro-RP A-1(O2’):G40(N1) 
Canonical Mg2+@O6 2.07/4.23 2.75 (163) 3.02 (154) 
Canonical Mg2+@N7 3.63/2.21 2.69 (174) 3.08 (157) 
dO2’ Mg2+@O6 2.08/4.05 2.60 (176) 2.63 (168) 
dN1 Mg2+@O6b 1.95/4.20 2.68 (169) 3.26 (38.9) 
dN1 Mg2+@O6c 2.01/3.63 2.63 (169) 3.08 (172) 
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